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Major Director: Gerald E Miller Ph.D., Professor, Department of Biomedical Engineering 
 
 
 
Left ventricular assist devices (LVADs) are an increasingly utilized therapy for end-stage 
heart failure.  Thrombosis within the graft from the pump to the aorta has been documented, but 
is poorly researched.  This study examines the effect of graft geometry, as measured by radius of 
curvature, bend angle, and diameter, on thrombogenic flow patterns within the graft for a range 
of flow conditions.  It also examines the effect blood properties, including viscosity and density, 
on these flow patterns.  The results indicated that radius of curvature had a powerful effect on 
thrombogenic flow patterns.  Flowrate and bend angle were also influential.  The results of this 
study offer insight on how graft geometry may interact with flow conditions and blood properties 
to produce regions of stagnation or recirculation within the outflow graft, which may precipitate 
thrombogenesis and pose a risk to patients. 
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1 INTRODUCTION 
 
 
 
1.1 Heart Disease and a Transplant Alternative 
Ischemic heart disease is the leading cause of death in the World [1].  During 2014, heart 
diseases led to 614,348 deaths in the United States alone, and accounted for over 23% of all 
deaths as shown in Figure 1-1 [2].  Overall, approximately one-third of the American population 
has some form of cardiovascular disease, and its treatment “accounts for nearly 1$ of every 6$ 
spent on health care in the United States” [3].   
 
Figure 1-1: Deaths in the United States from heart disease [2, 4, 5, 6, 7]. 
Fatal heart disease does affect the young, but it disproportionally affects older 
individuals, as shown in Figure 1-2.  While a heart transplant is the preferred treatment for end-
stage heart failure, individuals of advanced age are much less likely to receive one.  Note in 
Figure 1-3 that the portion of patients over 65 receiving transplants is relatively small despite the 
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higher prevalence of fatal heart disease in the older population.  Furthermore, because of a 
persistent shortage of donor hearts, half the patients who are candidates for transplant have been 
waiting for a year or more, see Figure 1-4, and in 2015 403 people died waiting for a transplant 
within the US
1
.  Left Ventricular Assist Devices (LVADs) can improve survival rates for patients 
in danger of dying from left ventricular heart failure.  LVADs are blood pumps used to provide 
circulatory support to patients who are critically ill due to a weakened left ventricle.  They have 
been approved by the FDA for bridge-to-transplant therapy (BTT), helping patients survive long 
enough to receive a transplant, and for destination therapy (DT) when the patient is not eligible 
for a transplant [8].  In some cases, the use of LVADs has caused cardiac function to be 
recovered, allowing subsequent removal of the device without the need for a transplant [9].  In 
the United States 2753 LVADs were implanted during 2015 and the annual number of implants 
is increasing [10].   
 
Figure 1-2: Percentage of total deaths due to heart disease by age group in the US in 2014 [2]. 
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  Based on Organ Procurement and Transplantation Network (OPTN) data as of June 24, 2016. 
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Figure 1-3: Heart transplants performed in the US by age
1
. 
 
Figure 1-4: US Heart Transplant Waiting List by Wait Time as of June 2016
1
. 
1.2 LVADs in Heart Disease 
 Currently two implantable LVADs are approved by the U.S. Food and Drug 
Administration, the HeartMate II (HMII) and the HVAD, see Table 1-1 below, and many more 
are in development.  Both approved pumps are continuous flow rotary devices. 
                                                 
 
1
  Based on Organ Procurement and Transplantation Network (OPTN) data as of June 24, 2016. 
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Table 1-1: LVADs approved for use in the U.S. [8]. 
Device Name Manufacturer FDA Approval Pump Type 
HMII Left Ventricular 
Assist System 
Thoratec 
Corporation 
BTT – 2008; DT - 
2010 
Axial Flow 
Pump 
HeartWare Ventricular 
Assist System HVAD 
HeartWare, Inc. BTT - 2012 Centrifugal 
Pump 
Figure 1-5 depicts the HMII axial flow blood pump.  In the case of the HMII a cannula is 
inserted into the apex of the left ventricle.  Blood flows into the pump through this inflow 
cannula, and then out of the pump into an outflow graft, which is then anastomosed into the 
ascending aorta.  
 
Figure 1-5: HMII Left Ventricular Assist System [11]. 
Figure 1-6 depicts the HVAD centrifugal blood pump.  The suction nozzle of the HVAD 
centrifugal pump is inserted directly into the apex of the left ventricle, there is not a separate 
inflow cannula.  Blood flows out of the pump via an outflow graft, which is anastomosed into the 
ascending aorta.  
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Figure 1-6: HeartWare Ventricular Assist System HVAD [12]. 
1.3 Adverse Events in Rotary LVADs 
Although all LVADs are known to be associated with adverse events such as stroke, 
ventricular failure, and thrombosis, rotary devices have been shown to have lower rates of 
mechanical failure and infection than older positive displacement pumps (PDPs) [9].  Rotary 
pumps have a single moving part, the rotor (or impeller), and do not necessarily require 
mechanical bearings.  Magnetic bearings and/or hydrodynamic forces can be used to stabilize the 
rotor instead.  Furthermore, rotary pumps are significantly smaller than PDPs. 
 Despite their advantages, the effect of continuous vs pulsatile flow continues to be 
debated.  Most of the LVADs in use today are run at continuous speed and any pulsatility in 
circulatory flow occurs solely due to residual left ventricular function.  While studies have 
shown the body to be tolerant of continuous flow devices in the short term, there is still reason to 
suspect there may be negative effects associated with long term use [11].  These effects include 
an increased risk of GI bleeding and acquired von Willebrand syndrome, vascular 
malformations, aortic valve insufficiency, and possibly reduced end organ function over time 
[11].  Research on developing pulsatile rotary pumps to overcome these challenges is ongoing.  
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1.3.1 Thrombosis in Rotary LVADs 
 Before 2013 literature concerning pump thrombosis was relatively rare, and its 
causes have still not been entirely elucidated [13].  In August of 2015 the FDA issued a safety 
communication regarding: pump thrombosis in the HMII, strokes related to the HVAD, and 
bleeding complications in both pumps [8].  These adverse events have been significantly more 
common than clinical trials originally indicated [8].  However, the benefits of LVADs for 
patients with advanced left ventricle heart failure are still believed to outweigh the risks [8].  
Pump thrombosis and strokes are likely the result of an adverse flow environment (particularly in 
the presence of thrombogenic materials) that results in blood trauma and/or the initiation of the 
clotting cascade [11].  
 Two types of thrombi occur, red thrombosis and white thrombosis [13].  Red thrombus 
develops quickly in areas of stagnation or low pressure and is often the cause of sudden 
catastrophic pump failure [13].  It is soft and composed of red blood cells enmeshed in fibrin 
[13].  It is treated with anticoagulants [13].  White thrombus develops slowly due to platelet 
activation in areas of high shear stress and can be hard to detect [13]. It is firm and composed 
primarily of platelets enmeshed in fibrin [13].  It is treated with an anti-platelet regime of 
glycoprotein IIb/IIa inhibitors [13]. 
 Pump thrombus may originate in the pump, the inflow cannula, the outflow graft, or it 
may embolize from another place in the body [13].  When thrombosis is extensive it can be 
difficult or impossible to determine where it originated [13].  Figure 1-7 illustrates such an event.  
Furthermore, thrombi that form in the pump, the inflow cannula, or the outflow graft have the 
potential to embolize elsewhere.  
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Figure 1-7: Thrombi in an explanted HVAD pump and the entire outflow graft [14]. 
1.4 Previous Work 
 While many studies have been performed concerning pump design, the literature shows 
relatively little investigation has been done concerning the graft from the outflow of the LVAD 
to the aorta [15, 16],.  In contrast, a study of 141 preclinical VAD experiments showed 32% of 
adverse events reported were related to the outflow graft [15].  Most studies which have 
examined the outflow graft have focused on the anastomosis into the aorta, and have largely 
discounted the graft geometry between the pump outflow and the anastomosis into the aorta [16].  
However, thrombosis in the outflow graft alone is not unknown in clinical practice, see Figure 
1-8 and Figure 1-9.   
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Figure 1-8: Thrombus in the outflow graft of a HMII pump. A) CT scan in the sagittal plane, B) 
CT scan in the axial plane, C) 3D rendered image showing the thrombus, D) 3D rendered image 
showing outflow graft [17]. 
 
Figure 1-9: Thrombus in the outflow graft of a HMII pump [18]. 
Sheriff et al. found that platelets exposed to high shear stresses activated 20 times faster 
to subsequent low shear stress than untreated platelets [19].  Blood is exposed to abnormally high 
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shear forces inside of rotary pumps for brief periods of time [11].  After such exposer, blood may 
be more sensitive to regions of stagnation or recirculation in the outflow graft - especially 
considering the necessarily thrombogenic nature of the graft materials (only native endothelium 
cells are completely biocompatible). 
Most LVAD grafts are now reinforced because it is recognized that graft kinking can be a 
source of significant problems.  However, as shown in Figure 1-10, even with reinforcement 
grafts can reach bend angles nearing 90⁰ [20].  In his doctoral work, Keefe Manning identified 
adverse flow conditions in the outflow graft at bend angles greater than 30⁰ [21, 22].  
Furthermore, the HMII device incorporates a near 90⁰ bend in the outflow and inflow of the 
pump.  Note in Figure 1-8 and Figure 1-9 above that the thrombus appears to have formed 
immediately after this bend. 
 
Figure 1-10: Cross sectional scan of the thoracic cavity showing LVAD outflow graft shaded in 
yellow:  A) without kinking reinforcement and B) with kinking reinforcement [20] 
1.4.1 Curved Pipe Flow 
W.R. Dean investigated fully developed viscous flow through curved pipes in 1927; since 
then, numerous investigations into curved pipe flow have been performed [23, 24, 25].  As a 
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fluid passes through a curved pipe it is subjected to a centrifugal force in the direction of the 
outer wall of the bend [24, 25].  At the same time a pressure gradient develops with high pressure 
on the outer wall of the bend and lower pressure along the inner wall [24, 25].  When the flow is 
inviscid these forces balance, but in the case of viscous flow secondary flow patterns develop 
[24, 25].   
When fully developed flow enters a curved tube the maximal axial velocity shifts to the 
outer wall and two secondary helical flows, referred to as Dean vortices, develop as shown in 
Figure 1-11 [24, 25].  When developing flow enters a bend, the viscous forces are initially 
confined to the boundary layer (the core region behaves as an inviscid fluid), the maximal 
velocity is initially shifted toward the inner wall of the bend, and multiple pairs of Dean vortices 
develop [24, 25].  Notably, unsteady flow in the aorta varies from a single set of Dean vortices to 
two sets of Dean vortices over the cardiac cycle [25]. 
 
Figure 1-11: Fully Developed flow through curve pipes: A) Side view of pipe with velocity 
profile in yellow, B) Cross section of pipe showing secondary flows [25]. 
 A parameter has been developed, known as the Dean number, to estimate the strength of 
these vortices: 
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Equation 1-1:     𝐷 = 𝑅𝑒√𝑟 𝑅⁄       [24] 
where Re is the familiar Reynold’s number (𝑅𝑒 = 𝜌𝑉𝑑/𝜇), r is the radius of the pipe, and R is its 
radius of curvature.  Secondary flows are more significant as the Dean number increases. 
1.4.2 Blood Properties 
The Dean number is dependent on Reynold’s number, and therefore it is dependent on 
density (ρ) and viscosity (µ).  Heightened blood viscosity has been noted as a risk factor for 
cardiac events [26, 27].  Blood viscosity increases with hematocrit and is known to be dependent 
on blood composition, temperature, and plasma viscosity [28].  Hematocrit has been shown to 
vary based on gender, disease state, and exercise level [28].  Likewise, blood density is known to 
be proportional to hematocrit (but more specifically total protein concentration) and can be 
expected to vary [29, 30].  
1.4.3 Flow Through an Outlet Cannula of a Rotary Ventricular Assist Device 
Manning and Miller investigated flows through the outflow graft of a rotary LVAD in a 
mock circulatory loop using particle image velocimetry (PIV) visualization techniques [22].  
Figure 1-12 below depicts this loop and identifies the major components that comprise it.  Figure 
1-13 depicts an outflow graft/cannula geometry representative of those tested by Manning and 
Miller. 
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Figure 1-12:Mock circulatory loop used by Manning and Miller [22].  
 
Figure 1-13: Outflow graft investigated by Manning and Miller [22]. 
The “mock blood” used in the loop was a 60% water - 40% glycerin mixture meant to 
mimic the properties of blood [22].  It had a density of 1.1 g/ml and a viscosity of 4.74 cP [22].  
The (glass) outflow graft / cannula models were 8 in long and had an inner diameter of 0.5 in 
before they were bent by a glass blower [22].  The geometries tested are listed in Table 1-2.  
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Tests were run at motor speeds from 500 to 2000 RPM and Table 1-3 gives a brief example of 
the outlet pressures and flowrates obtained [21]. 
Table 1-2: Bend angles and Aspect Ratios of Manning’s outflow cannula [21]. 
Bend Angle (º) Aspect Ratio (δ) 
30 0.2148 
45 0.2034 
60 0.1946 
75 0.1615 
 
Table 1-3: Outlet pressures and flowrates produced by the rotary pump [22]. 
Motor Speed 
(rpm) 
Outlet Pressure (mm 
Hg) 
Flow Rate 
(L/min) 
500 17.5 1.60 
2000 153.4 10.34 
 Manning and Miller found that flow through the cannula was laminar but that stagnant 
zones formed along the inner wall of the bend that worsened with increasing bend angle [22].  
They also found that the motor speed, which determines flowrate, had the greatest influence on 
the initiation of boundary layer (flow entering the bend was approximately fully developed at 
500 rpm and more closely resembled plug flow at 2000 rpm) [22]. 
1.5 Research Aims 
AIM 1: Using computational fluid dynamics (CFD), investigate the effect that geometry has on 
thrombogenic flow patterns in the outflow graft of a LVAD over a range of physiologic 
conditions. The specific geometric parameters to be investigated are bend angle, radius of 
curvature, and graft diameter. 
AIM 2: Identify combinations of geometry and flow conditions that are more likely to be 
dangerous to the patient. 
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1.5.1 Significance 
Every individual has a unique anatomy; thus, a range of different outflow graft 
geometries are possible. Clinicians are given the challenge of selecting the best geometry 
feasible for the patient. Thus, identifying dangerous geometries could be useful to a clinician in 
making this assessment.  After surgery, this information may help clinicians identify which 
pump settings increase the patient’s risk for thrombosis.  As stated earlier, there is a significant 
lack of data in the literature regarding the outflow graft despite some research indicating it may 
contribute to adverse events [31].   
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2 METHODS 
 
 
 
Manning and Millers’ PIV experiments have been approximately reproduced using CFX in 
ANSYS.  Comparisons between the bench top PIV experiments and the CFD experiments were 
used to verify the CFD modelling. These experiments have been approximately reproduced 
because the original data from Manning’s experiments are two dimensional, while the completed 
CFD experiments are three dimensional. 
ANSYS CFX was used to perform CFD studies investigating the effect of outflow graft 
geometry on thrombogenesis over a range of relevant flow conditions. The resulting data was 
used to analyze the relationship between of radius of curvature, bend angle, and graft diameter 
on thrombogenic flow parameters for a variety of flow rates, pressures, and inlet velocity 
profiles.  The effect of blood density and viscosity on adverse flow patterns was also examined.  
Design of experiments methodology was used to guide the efficient investigation of these 
parameters and their effects.  
2.1 Geometry 
Model geometries testing a range of graft diameters, bend angles, and radii of curvature 
were generated using parametric design tables in ANSYS Workbench 16.2 and ANSYS 
DesignModeler.  Table 2-1 lists the ranges for the chosen geometric parameters.  Figure 2-1 
shows several representative geometries.   
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Table 2-1: Geometry parameters tested. 
Geometric Parameter Range Tested 
Diameter 10 – 16mm 
Bend Angle 10 – 90⁰ 
Radius of Curvature 1Ø - 10Ø 
 
 
 
Figure 2-1: Examples of Geometries tested, showing varying bend angle (60⁰ and 90⁰) and 
radius of curvature (1Ø and 5Ø);  
The diameter range has been selected to include graft sizes that are currently used in 
LVADs designed for adults. For example, the HMII has a 16mm graft diameter, while on the 
smaller side Heartware’s HVAD has a 10mm graft diameter. Smaller graft diameters exist but 
are primarily used in designs intended for children or adolescents. Bend angles of 90⁰ and below 
will be tested because limiting bend angles are anticipated to exist below 90⁰.  
The range for the radius of curvature has been chosen so that it comfortably includes radii 
of curvature and aspect ratios (radius of graft / radius of curvature) comparable to those used by 
Keefe Manning. The smallest radii of curvature physically possible have been omitted because 
they would certainly cause kinking of the graft. The largest radius was chosen to include the 
largest likely to be limited by angle.  
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To ensure consistency of the data all geometric models will be 205 mm as measured 
along the central axis. This length has been chosen to be reasonably consistent with the data from 
Manning. 
2.2 Mesh 
A mesh was created using ANSYS for each geometry tested.  A hexahedral mesh aligned 
in the direction of the fluid flow was used with additional inflation at the boundary layer.  
Meshes were generated automatically for all geometries using common settings.  A MultiZone 
Method, with a hexahedral dominant mesh, was found to produce the best results, and the most 
consistent mesh across multiple geometries.  However, this mesh method did have drawbacks; 
the method provided little ability to adjust the fineness of the mesh in local regions of the 
geometry (such as the bend) without also changing the cell sizing in the rest of the model.  Thus, 
to obtain a sufficiently fine mesh in the bend of the graft, a much finer mesh was used for the 
global geometry than would have been preferred.  Likewise, because the same settings were used 
across all models a finer mesh resulted for all geometries (smaller radii of curvature warranted a 
finer mesh).  Figure 2-2 illustrates how a constant mesh size was used over varying geometries.  
Mesh elements were on the order of 1E5 and were of very good quality, with average skewness 
around 0.1 or less and max skewness below 0.6.   
a)  
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b)  
Figure 2-2: Representative Meshes: a) Small radius of curvature; b) Large radius of curvature 
2.3 Boundary Conditions 
Each model was tested using two inlet flow profiles, plug flow and fully developed flow.  
Flow rates and pressures within the physiological range were tested.  A velocity profile 
corresponding to a given flowrate was defined at the inlet of the model and a static pressure was 
defined at the outlet.  A no slip condition was applied at the wall of the model. 
 Table 2-2 lists the flow parameters that were tested.  While most pumps have a maximum 
flow rate of 10 L/min, a normal cardiac output is in the range of 3 – 6 L/min.  Normal aortic 
pressures range from about 60 mmHg in Diastole to 120 mmHg in Systole, but these values can 
vary with age and health status.  The range of outlet pressures to be investigated spans this range 
and includes higher pressures to account for the increase in aortic pressure a LVAD will provide.  
Table 2-2: Flow Parameters tested. 
Flow Parameters Range Tested 
Flow Rate 2 - 10 L/min 
Outlet Pressure 60 – 160 mmHg 
Inlet Velocity Profile Plug Flow,  
Fully Developed Flow 
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 The fluid was defined as Newtonian and incompressible.  Additionally, two blood 
properties were investigated to determine their contribution to the development of adverse flow 
conditions.  Table 2-3 lists the blood properties that were tested. 
Table 2-3: Blood parameters tested. 
Blood Parameters Range Tested 
Viscosity 3 – 6.5 cP 
Density 1.20 – 1.12 g/m3 
 
2.4 Design of Experiments 
2.4.1 Full Factorial Design 
When an experiment is designed to test each independent variable, at all possible levels, 
across a design space, it is referred to as a full factorial experiment.  Using the experiment 
performed by Manning and Miller as an example, suppose an experiment was designed to test 
each bend angle (30, 45, 60, 70) across a range of possible motor speeds (500, 600, 700, 800, 
1000, 1200, 1500, 1800, 2000).  Two factors (s) are tested: bend angle is tested at 4 levels (𝑞1), 
and motor speed is tested at 9 levels (𝑞2). The number of runs required (n) would be: 
Equation 2-1:     𝒏 = ∏ 𝒒𝒋
𝒔
𝒋=𝟏 = 𝟒 ∗ 𝟗 = 𝟑𝟔     [32] 
The number of runs will therefore increase exponentially as the number of factors to be tested 
increases [32].  
2.4.2 Latin Hypercube Designs 
The purpose of a Latin Hypercube design is to evenly distribute design points (runs) 
throughout the s dimensional design space.  By doing this, more factors can be investigated using 
drastically fewer runs.  A Latin Hypercube design divides the design space into n sections of 
equal probability, and a random number is generated to place a design point within each section.  
  
20 
 
Care should be taken with Latin Hypercube designs to ensure that the number of runs is 
sufficient to adequately cover the design space.  A basic Latin Hypercube design treats each 
factor as a continuous variable.  
The elements of the design matrix will be equal to a matrix 𝒚 = 𝒎𝒙 + 𝒃.  Where: 
𝒙𝑘 = (𝑥𝑘
1, … , 𝑥𝑘
𝑠);  𝑘 = 1,… , 𝑛. 
𝑥𝑘
𝑗 = 𝜋𝑗(𝑘) − 𝑈𝑘
𝑗;  𝑘 = 1,… , 𝑛;  𝑗 = 1, … , 𝑠;  𝑈𝑘
𝑗~𝑈(0,1) 
𝒎 = (𝑚1, … ,𝑚𝑠) 
𝑚𝑗 = (
max
𝑇
𝑦1 − min
𝑇
𝑦1
𝑛
,… ,
max
𝑇
𝑦𝑠 − min
𝑇
𝑦𝑠
𝑛
) ;  𝑗 = 1, … , 𝑠; 𝑦 ∈ 𝑇. 
𝒃𝒌 = (𝑏𝑘
1, … , 𝑏𝑘
𝑠) 
𝑏𝑘
𝑗 = (min
𝑇
𝑦1 , … ,min
𝑇
𝑦𝑠) ;  𝑘 = 1,… , 𝑛;  𝑗 = 1,… , 𝑠;  𝑦 ∈ 𝑇. 
An example is given below using the experiment from Manning and Miller: 
1. Instead of 36 runs, run the experiment with only 9 runs.  First randomly generate 
2 permutations of the integers from 1 to n, in this case from 1 to 9.  Create a 9x2 
matrix from these numbers: 
[
 
 
 
 
 
 
 
 
1 5
8 2
2 9
9 8
6 7
7 6
5 3
3 1
4 4]
 
 
 
 
 
 
 
 
 
2. Then generate two sets of n random numbers from 0 to 1.  
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[
 
 
 
 
 
 
 
 
0.5010 0.3976
0.3600 0.8023
0.5348 0.3246
0.6650 0.2069
0.3618 0.3803
0.3298 0.4742
0.8518 0.7217
0.4775 0.6666
0.5675 0.2591]
 
 
 
 
 
 
 
 
 
3. The elements of the matrix containing the final design points will be equal to: 
[
75 − 30
9
2000 − 500
9
]
[
 
 
 
 
 
 
 
 
 
[
 
 
 
 
 
 
 
 
1 5
8 2
2 9
9 8
6 7
7 6
5 3
3 1
4 4]
 
 
 
 
 
 
 
 
−
[
 
 
 
 
 
 
 
 
0.5010 0.3976
0.3600 0.8023
0.5348 0.3246
0.6650 0.2069
0.3618 0.3803
0.3298 0.4742
0.8518 0.7217
0.4775 0.6666
0.5675 0.2591]
 
 
 
 
 
 
 
 
]
 
 
 
 
 
 
 
 
 
+
[
 
 
 
 
 
 
 
 
30 500
30 500
30 500
30 500
30 500
30 500
30 500
30 500
30 500]
 
 
 
 
 
 
 
 
=
[
 
 
 
 
 
 
 
 
32.4950 1267.0744
68.2002 699.6143
37.3261 1945.9076
71.6748 1798.8466
58.1908 1603.2771
63.3510 1420.9701
50.7409 879.7238
42.6127 555.5693
47.1625 1123.4804]
 
 
 
 
 
 
 
 
 
4.  The resultant design is plotted in Figure 2-3. Note that each section of the grid 
contains no more than one design point. 
 
Figure 2-3: Latin Hypercube design with 9 runs. 
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2.4.2.1 Optimal Space Filling Designs 
The performance of Latin Hypercube designs can be improved by setting an optimality 
criterion to obtain a more uniform distribution of design points.  A Latin Hypercube design is 
generated and then optimized.  Each region should still only contain a single design point after 
optimization.  A max-min criterion maximizes the distance between any two design points to 
create such a design. 
2.5 Design of Experiments 
An optimal space filling design with a max-min distance optimization criterion was 
created using the tools from the Design Exploration module in ANSYS workbench.  First, an 
experimental design was created over the entire design space for the following parameters: bend 
angle, radius of curvature, diameter, flowrate, outlet pressure, viscosity, and density.  This 
resulted in a total of 36 design points, which were then tested with both a plug flow inlet profile 
and a fully developed flow inlet profile.  Table 2-4 on the following page lists these design 
points. 
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Table 2-4: Experimental Design No 1 
Design 
Point 
Flowrate 
(L/min) 
Outlet Pressure 
(mm Hg) 
Bend Angle 
(Deg) 
Radius of 
Curvature 
(Ø) 
Diameter 
(mm) 
Viscosity 
(cP) 
Density 
(kg m^-
3) 
1 5.889 155.833 77.778 4.125 14.917 6.160 1057.500 
2 8.111 114.167 15.556 5.125 14.750 5.479 1113.056 
3 2.111 108.611 37.778 4.375 10.250 4.604 1043.611 
4 7.000 158.611 44.444 7.375 10.083 4.410 1090.833 
5 3.889 80.833 48.889 3.375 13.750 6.354 1032.500 
6 9.889 97.500 46.667 1.125 13.417 5.285 1076.944 
7 7.889 100.278 71.111 5.625 11.250 3.632 1021.389 
8 9.444 105.833 80.000 8.375 11.583 5.382 1093.611 
9 2.333 130.833 57.778 2.875 11.750 6.063 1096.389 
10 3.222 125.278 24.444 8.125 15.583 5.576 1063.056 
11 4.333 153.056 60.000 9.625 13.917 4.215 1099.167 
12 2.778 111.389 42.222 5.875 13.083 3.146 1115.833 
13 3.667 83.611 75.556 9.375 11.083 4.118 1071.389 
14 6.111 69.722 64.444 1.375 14.083 3.535 1054.722 
15 4.556 61.389 62.222 6.875 15.083 4.993 1104.722 
16 6.333 139.167 13.333 3.625 12.917 6.451 1051.944 
17 7.222 136.389 86.667 1.875 10.917 4.896 1079.722 
18 5.444 103.056 28.889 6.125 10.583 5.868 1110.278 
19 5.000 150.278 26.667 7.625 11.917 3.924 1029.722 
20 3.000 66.944 31.111 1.625 12.417 4.799 1085.278 
21 3.444 122.500 55.556 2.125 15.750 4.701 1101.944 
22 8.778 72.500 35.556 7.125 12.583 3.340 1107.500 
23 7.444 116.944 33.333 2.375 10.417 3.243 1088.056 
24 2.556 133.611 73.333 3.125 13.250 3.729 1035.278 
25 9.222 75.278 22.222 5.375 10.750 5.188 1046.389 
26 9.000 91.944 51.111 8.875 15.250 5.965 1082.500 
27 5.222 86.389 68.889 7.875 15.417 4.021 1026.944 
28 6.556 147.500 20.000 2.625 14.417 3.438 1065.833 
29 8.556 141.944 66.667 4.625 14.250 4.507 1118.611 
30 5.667 94.722 40.000 9.875 12.083 6.257 1040.833 
31 7.667 89.167 17.778 4.875 15.917 4.313 1038.056 
32 4.111 128.056 88.889 9.125 12.250 5.674 1049.167 
33 6.778 64.167 84.444 3.875 11.417 5.771 1074.167 
34 9.667 144.722 53.333 6.375 13.583 5.090 1024.167 
35 8.333 119.722 82.222 6.625 14.583 3.049 1068.611 
36 4.778 78.056 11.111 8.625 12.750 3.826 1060.278 
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An additional experimental design was produced to further investigate the design space 
specifically for low radii of curvature (1Ø-3Ø), high bend angles (30⁰-90⁰), and for the 
diameters corresponding to the HVAD and HMII blood pumps.  This resulted in 28 design points 
varying bend angle, radius of curvature, flowrate, outlet pressure, viscosity, and density.  These 
design points were tested for models with 10 mm (HVAD) and 16 mm (HMII) diameters, and for 
plug and fully developed inlet profiles.  Table 2-5 on the following page lists these design points. 
Table 2-5: Experimental Design No 2 
Design  
Point 
Flowrate  
(L/min) 
Outlet Pressure  
(mm Hg) 
Bend Angle 
(Deg) 
Radius of  
Curvature (Ø) 
Viscosity  
(cP) 
Density  
(kg m^-3) 
1 6.143 158.214 50.357 2.679 4.438 1036.071 
2 5.000 79.643 84.643 1.250 4.063 1046.786 
3 3.286 93.929 41.786 2.464 4.937 1025.357 
4 2.143 115.357 58.929 1.107 5.563 1082.500 
5 3.000 104.643 37.500 2.250 5.437 1107.500 
6 8.143 133.214 39.643 1.679 5.687 1111.071 
7 7.000 65.357 80.357 2.821 4.812 1057.500 
8 5.857 140.357 88.929 2.393 5.187 1043.214 
9 4.143 143.929 31.071 1.964 3.688 1075.357 
10 8.714 97.500 82.500 1.464 6.062 1064.643 
11 9.571 118.929 56.786 2.607 6.187 1050.357 
12 2.429 111.786 73.929 2.893 4.313 1068.214 
13 5.286 83.214 43.929 1.179 3.563 1089.643 
14 7.571 90.357 78.214 2.321 3.937 1118.214 
15 6.714 154.643 67.500 2.750 5.313 1100.357 
16 7.857 76.071 48.214 2.179 3.313 1028.929 
17 9.000 126.071 71.786 2.536 3.063 1061.071 
18 7.286 101.071 33.214 2.964 4.688 1086.071 
19 4.429 136.786 54.643 1.607 6.438 1039.643 
20 2.714 86.786 63.214 2.107 3.188 1103.929 
21 3.571 61.786 69.643 2.036 5.937 1053.929 
22 6.429 72.500 35.357 1.893 6.312 1071.786 
23 9.857 68.929 52.500 1.821 4.563 1093.214 
24 3.857 147.500 76.071 1.321 3.813 1096.786 
25 9.286 151.071 65.357 1.393 4.188 1078.929 
26 4.714 129.643 61.071 1.536 3.437 1021.786 
27 8.429 108.214 46.071 1.036 5.063 1032.500 
28 5.571 122.500 86.786 1.750 5.812 1114.643 
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2.6 Solution 
All models were tested in a computational model using ANSYS CFX, which is a finite 
volume method solver.  A steady state analysis was preformed using a High Resolution Scheme 
for the advection term.  Based on the data from Manning and Miller the flow was assumed to be 
laminar and no turbulence scheme was employed [22].  An automatic timescale was employed to 
accommodate the varying flowrates studied. 
2.7 Output Parameters 
Plots of velocity vectors were visually inspected for each design point and given a 
qualitative “recirculation rating” from 0 to 10 based on the severity of stagnation zones, and 
zones of retrograde flow.  These flow phenomena are expected to be the most significant adverse 
flow features in the graft.  Additionally, several quantitative values were recorded for each 
design point including the maximum and minimum strain rates, calculated Dean and Reynold’s 
numbers, and the maximum and average velocities.  These values are available in Appendix A. 
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3 RESULTS 
 
 
 
3.1 Design 1 
Design point 1 of Design 1 had a flowrate of 5.89 L/min, and outlet pressure of 155.83 
mmHg, a bend angle of 77.78, a radius of curvature of 4.125 times the graft diameter of 14.92 
mm, a blood viscosity of 6.16 cP, and a blood density of 1057.5 kg m
3
.  The generated mesh 
contained 140400 elements; it had a maximum skewness of 0.56 and an average skewness of 
0.10 with a standard deviation of 0.07. 
Fully developed flow at the inlet produced a Reynolds number of 1457 and a Dean 
number of 507.  The velocity plots were given a recirculation rating of 0.  The average velocity 
observed was 0.57 m/s, and the maximum velocity observed was 1.13 m/s. 
Plug flow at the inlet produced a Reynolds number of 1447 and a Dean number of 504.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
0.57 m/s, and the maximum velocity observed was 0.94 m/s. 
Figure 3-1 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 1, as calculated for fully developed flow and for plug flow.   
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a)  
b)  
Figure 3-1: Design 1 Point 1: a) Fully Developed Flow; b) Plug Flow 
Design point 2 of Design 1 had a flowrate of 8.11 L/min, and outlet pressure of 114.17 
mmHg, a bend angle of 15.56, a radius of curvature of 5.125 times the graft diameter of 14.75 
mm, a blood viscosity of 5.48 cP, and a blood density of 1113.06 kg m
3
.  The generated mesh 
contained 110448 elements; it had a maximum skewness of 0.46 and an average skewness of 
0.10 with a standard deviation of 0.07. 
Fully developed flow at the inlet produced a Reynolds number of 2393 and a Dean 
number of 747.  The velocity plots were given a recirculation rating of 2.  The average velocity 
observed was 0.80 m/s, and the maximum velocity observed was 1.60 m/s. 
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Plug flow at the inlet produced a Reynolds number of 2378 and a Dean number of 743.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
0.79 m/s, and the maximum velocity observed was 1.19 m/s. 
Figure 3-2 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 2, as calculated for fully developed flow and for plug flow. 
a)  
b)  
 Figure 3-2: Design 1 Point 2: a) Fully Developed Flow; b) Plug Flow 
Design point 3 of Design 1 had a flowrate of 2.11 L/min, and outlet pressure of 108.61 
mmHg, a bend angle of 37.78, a radius of curvature of 4.375 times the graft diameter of 10.25 
mm, a blood viscosity of 4.6 cP, and a blood density of 1043.61 kg m
3
.  The generated mesh 
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contained 129000 elements; it had a maximum skewness of 0.47 and an average skewness of 
0.10 with a standard deviation of 0.07.  
Fully developed flow at the inlet produced a Reynolds number of 1002 and a Dean 
number of 339.  The velocity plots were given a recirculation rating of 0.  The average velocity 
observed was 0.43 m/s, and the maximum velocity observed was 0.86 m/s. 
Plug flow at the inlet produced a Reynolds number of 996 and a Dean number of 337.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
0.43 m/s, and the maximum velocity observed was 0.73 m/s. 
Figure 3-3 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 3, as calculated for fully developed flow and for plug flow. 
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a)  
b)  
 Figure 3-3: Design 1 Point 3: a) Fully Developed Flow; b) Plug Flow 
Design point 4 of Design 1 had a flowrate of 7 L/min, and outlet pressure of 158.61 
mmHg, a bend angle of 44.44, a radius of curvature of 7.375 times the graft diameter of 10.08 
mm, a blood viscosity of 4.41 cP, and a blood density of 1090.83 kg m
3
.  The generated mesh 
contained 146000 elements; it had a maximum skewness of 0.48 and an average skewness of 
0.10 with a standard deviation of 0.07. 
Fully developed flow at the inlet produced a Reynolds number of 3683 and a Dean 
number of 959.  The velocity plots were given a recirculation rating of 2.  The average velocity 
observed was 1.48 m/s, and the maximum velocity observed was 2.95 m/s. 
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Plug flow at the inlet produced a Reynolds number of 3664 and a Dean number of 954.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
1.47 m/s, and the maximum velocity observed was 2.24 m/s. 
Figure 3-4 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 4, as calculated for fully developed flow and for plug flow. 
a)  
b)  
Figure 3-4: Design 1 Point 4: a) Fully Developed Flow; b) Plug Flow 
Design point 5 of Design 1 had a flowrate of 3.89 L/min, and outlet pressure of 80.83 
mmHg, a bend angle of 48.89, a radius of curvature of 3.375 times the graft diameter of 13.75 
mm, a blood viscosity of 6.35 cP, and a blood density of 1032.5 kg m
3
.  The generated mesh 
contained 129792 elements; it had a maximum skewness of 0.5 and an average skewness of 0.10 
with a standard deviation of 0.07. 
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Fully developed flow at the inlet produced a Reynolds number of 987 and a Dean number 
of 380.  The velocity plots were given a recirculation rating of 0.  The average velocity observed 
was 0.44 m/s, and the maximum velocity observed was 0.88 m/s. 
Plug flow at the inlet produced a Reynolds number of 980 and a Dean number of 377.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
0.44 m/s, and the maximum velocity observed was 0.73 m/s. 
Figure 3-5 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 5, as calculated for fully developed flow and for plug flow. 
a)  
b)  
Figure 3-5: Design 1 Point 5: a) Fully Developed Flow; b) Plug Flow 
Design point 6 of Design 1 had a flowrate of 9.89 L/min, and outlet pressure of 97.5 
mmHg, a bend angle of 46.67, a radius of curvature of 1.125 times the graft diameter of 13.42 
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mm, a blood viscosity of 5.29 cP, and a blood density of 1076.94 kg m
3
.  The generated mesh 
contained 131599 elements; it had a maximum skewness of 0.47 and an average skewness of 
0.10 with a standard deviation of 0.07. 
Fully developed flow at the inlet produced a Reynolds number of 3271 and a Dean 
number of 2180.  The velocity plots were given a recirculation rating of 8.5.  The average 
velocity observed was 1.2 m/s, and the maximum velocity observed was 2.41 m/s. 
Plug flow at the inlet produced a Reynolds number of 3201 and a Dean number of 2134.  
The velocity plots were given a recirculation rating of 7.  The average velocity observed was 
1.17 m/s, and the maximum velocity observed was 1.91 m/s. 
Figure 3-6 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 6, as calculated for fully developed flow and for plug flow. 
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a)  
b)  
Figure 3-6: Design 1 Point 6: a) Fully Developed Flow; b) Plug Flow 
Design point 7 of Design 1 had a flowrate of 7.89 L/min, and outlet pressure of 100.28 
mmHg, a bend angle of 71.11, a radius of curvature of 5.625 times the graft diameter of 11.25 
mm, a blood viscosity of 3.63 cP, and a blood density of 1021.39 kg m
3
.  The generated mesh 
contained 159885 elements; it had a maximum skewness of 0.54 and an average skewness of 
0.10 with a standard deviation of 0.07. 
Fully developed flow at the inlet produced a Reynolds number of 4237 and a Dean 
number of 1263.  The velocity plots were given a recirculation rating of 4.  The average velocity 
observed was 1.34 m/s, and the maximum velocity observed was 2.65 m/s. 
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Plug flow at the inlet produced a Reynolds number of 4208 and a Dean number of 1255.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
1.33 m/s, and the maximum velocity observed was 2.05 m/s. 
Figure 3-7 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 7, as calculated for fully developed flow and for plug flow. 
a)  
b)  
Figure 3-7: Design 1 Point 7: a) Fully Developed Flow; b) Plug Flow 
Design point 8 of Design 1 had a flowrate of 9.44 L/min, and outlet pressure of 105.83 
mmHg, a bend angle of 80, a radius of curvature of 8.375 times the graft diameter of 11.58 mm, 
a blood viscosity of 5.38 cP, and a blood density of 1093.61 kg m
3
.  The generated mesh 
contained 140400 elements; it had a maximum skewness of 0.56 and an average skewness of 
0.10 with a standard deviation of 0.07. 
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Fully developed flow at the inlet produced a Reynolds number of 3555 and a Dean 
number of 869.  The velocity plots were given a recirculation rating of 2.  The average velocity 
observed was 1.51 m/s, and the maximum velocity observed was 2.99 m/s. 
Plug flow at the inlet produced a Reynolds number of 3537 and a Dean number of 864.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
0.91 m/s, and the maximum velocity observed was 1.43 m/s. 
Figure 3-8 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 8, as calculated for fully developed flow and for plug flow. 
a)  
b)  
Figure 3-8: Design 1 Point 8: a) Fully Developed Flow; b) Plug Flow 
Design point 9 of Design 1 had a flowrate of 2.33 L/min, and outlet pressure of 130.83 
mmHg, a bend angle of 57.78, a radius of curvature of 2.875 times the graft diameter of 11.75 
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mm, a blood viscosity of 6.06 cP, and a blood density of 1096.39 kg m
3
.  The generated mesh 
contained 147888 elements; it had a maximum skewness of 0.47 and an average skewness of 
0.10 with a standard deviation of 0.07. 
Fully developed flow at the inlet produced a Reynolds number of 771 and a Dean number 
of 321.  The velocity plots were given a recirculation rating of 0.  The average velocity observed 
was 0.36 m/s, and the maximum velocity observed was 0.72 m/s. 
Plug flow at the inlet produced a Reynolds number of 766 and a Dean number of 319.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
0.36 m/s, and the maximum velocity observed was 0.61 m/s. 
Figure 3-9 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 9, as calculated for fully developed flow and for plug flow. 
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a)  
b)  
Figure 3-9: Design 1 Point 9: a) Fully Developed Flow; b) Plug Flow 
Design point 10 of Design 1 had a flowrate of 3.22 L/min, and outlet pressure of 125.28 
mmHg, a bend angle of 24.44, a radius of curvature of 8.125 times the graft diameter of 15.58 
mm, a blood viscosity of 5.58 cP, and a blood density of 1063.06 kg m
3
.  The generated mesh 
contained 119808 elements; it had a maximum skewness of 0.46 and an average skewness of 
0.10 with a standard deviation of 0.07. 
Fully developed flow at the inlet produced a Reynolds number of 844 and a Dean number 
of 209.  The velocity plots were given a recirculation rating of 0.  The average velocity observed 
was 0.28 m/s, and the maximum velocity observed was 0.57 m/s. 
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Plug flow at the inlet produced a Reynolds number of 840 and a Dean number of 208.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
0.28 m/s, and the maximum velocity observed was 0.49 m/s. 
Figure 3-10 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 10, as calculated for fully developed flow and for plug flow. 
a)  
b)  
Figure 3-10: Design 1 Point 10: a) Fully Developed Flow; b) Plug Flow 
Design point 11 of Design 1 had a flowrate of 4.33 L/min, and outlet pressure of 153.06 
mmHg, a bend angle of 60, a radius of curvature of 9.625 times the graft diameter of 13.92 mm, 
a blood viscosity of 4.22 cP, and a blood density of 1099.17 kg m
3
.  The generated mesh 
contained 175344 elements; it had a maximum skewness of 0.47 and an average skewness of 
0.10 with a standard deviation of 0.07. 
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Fully developed flow at the inlet produced a Reynolds number of 1739 and a Dean 
number of 396.  The velocity plots were given a recirculation rating of 0.  The average velocity 
observed was 0.48 m/s, and the maximum velocity observed was 0.96 m/s. 
Plug flow at the inlet produced a Reynolds number of 1732 and a Dean number of 395.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
0.48 m/s, and the maximum velocity observed was 0.81 m/s. 
Figure 3-11 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 11, as calculated for fully developed flow and for plug flow. 
a)  
b)  
Figure 3-11: Design 1 Point 11: a) Fully Developed Flow; b) Plug Flow 
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Design point 12 of Design 1 had a flowrate of 2.78 L/min, and outlet pressure of 111.39 
mmHg, a bend angle of 42.22, a radius of curvature of 5.875 times the graft diameter of 13.08 
mm, a blood viscosity of 3.15 cP, and a blood density of 1115.83 kg m
3
.  The generated mesh 
contained 144144 elements; it had a maximum skewness of 0.48 and an average skewness of 
0.10 with a standard deviation of 0.07. 
Fully developed flow at the inlet produced a Reynolds number of 1614 and a Dean 
number of 471.  The velocity plots were given a recirculation rating of 0.  The average velocity 
observed was 0.35 m/s, and the maximum velocity observed was 0.69 m/s. 
Plug flow at the inlet produced a Reynolds number of 1605 and a Dean number of 468.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
0.35 m/s, and the maximum velocity observed was 0.55 m/s. 
Figure 3-12 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 12, as calculated for fully developed flow and for plug flow. 
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a)  
b)  
Figure 3-12: Design 1 Point 12: a) Fully Developed Flow; b) Plug Flow 
Design point 13 of Design 1 had a flowrate of 3.67 L/min, and outlet pressure of 83.61 
mmHg, a bend angle of 75.56, a radius of curvature of 9.375 times the graft diameter of 11.08 
mm, a blood viscosity of 4.12 cP, and a blood density of 1071.39 kg m
3
.  The generated mesh 
contained 195789 elements; it had a maximum skewness of 0.55 and an average skewness of 
0.10 with a standard deviation of 0.07. 
Fully developed flow at the inlet produced a Reynolds number of 1844 and a Dean 
number of 426.  The velocity plots were given a recirculation rating of 0.  The average velocity 
observed was 0.64 m/s, and the maximum velocity observed was 1.27 m/s. 
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Plug flow at the inlet produced a Reynolds number of 1838 and a Dean number of 424.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
0.64 m/s, and the maximum velocity observed was 1.13 m/s. 
Figure 3-13 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 13, as calculated for fully developed flow and for plug flow. 
a)  
b)  
Figure 3-13: Design 1 Point 13: a) Fully Developed Flow; b) Plug Flow 
Design point 14 of Design 1 had a flowrate of 6.11 L/min, and outlet pressure of 69.72 
mmHg, a bend angle of 64.44, a radius of curvature of 1.375 times the graft diameter of 14.08 
mm, a blood viscosity of 3.54 cP, and a blood density of 1054.72 kg m
3
.  The generated mesh 
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contained 118560 elements; it had a maximum skewness of 0.53 and an average skewness of 
0.10 with a standard deviation of 0.07. 
Fully developed flow at the inlet produced a Reynolds number of 2817 and a Dean 
number of 1698.  The velocity plots were given a recirculation rating of 9.5.  The average 
velocity observed was 0.67 m/s, and the maximum velocity observed was 1.33 m/s. 
Plug flow at the inlet produced a Reynolds number of 2762 and a Dean number of 1665.  
The velocity plots were given a recirculation rating of 7.  The average velocity observed was 
0.66 m/s, and the maximum velocity observed was 1.07 m/s. 
Figure 3-14 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 14, as calculated for fully developed flow and for plug flow. 
a)  
b)  
Figure 3-14: Design 1 Point 14: a) Fully Developed Flow; b) Plug Flow 
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Design point 15 of Design 1 had a flowrate of 4.56 L/min, and outlet pressure of 61.39 
mmHg, a bend angle of 62.22, a radius of curvature of 6.875 times the graft diameter of 15.08 
mm, a blood viscosity of 4.99 cP, and a blood density of 1104.72 kg m
3
.  The generated mesh 
contained 151008 elements; it had a maximum skewness of 0.52 and an average skewness of 
0.10 with a standard deviation of 0.07. 
Fully developed flow at the inlet produced a Reynolds number of 1433 and a Dean 
number of 386.  The velocity plots were given a recirculation rating of 0.  The average velocity 
observed was 0.43 m/s, and the maximum velocity observed was 0.86 m/s. 
Plug flow at the inlet produced a Reynolds number of 1426 and a Dean number of 385.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
0.43 m/s, and the maximum velocity observed was 0.71 m/s. 
Figure 3-15 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 15, as calculated for fully developed flow and for plug flow. 
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a)  
b)  
Figure 3-15: Design 1 Point 15: a) Fully Developed Flow; b) Plug Flow 
Design point 16 of Design 1 had a flowrate of 6.33 L/min, and outlet pressure of 139.17 
mmHg, a bend angle of 13.33, a radius of curvature of 3.625 times the graft diameter of 12.92 
mm, a blood viscosity of 6.45 cP, and a blood density of 1051.94 kg m
3
.  The generated mesh 
contained 135044 elements; it had a maximum skewness of 0.46 and an average skewness of 
0.09 with a standard deviation of 0.07. 
Fully developed flow at the inlet produced a Reynolds number of 1708 and a Dean 
number of 634.  The velocity plots were given a recirculation rating of 0.  The average velocity 
observed was 0.81 m/s, and the maximum velocity observed was 1.61 m/s. 
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Plug flow at the inlet produced a Reynolds number of 1701 and a Dean number of 632.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
0.81 m/s, and the maximum velocity observed was 1.29 m/s. 
Figure 3-16 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 16, as calculated for fully developed flow and for plug flow. 
a)  
b)  
Figure 3-16: Design 1 Point 16: a) Fully Developed Flow; b) Plug Flow 
Design point 17 of Design 1 had a flowrate of 7.22 L/min, and outlet pressure of 136.39 
mmHg, a bend angle of 86.67, a radius of curvature of 1.875 times the graft diameter of 10.92 
mm, a blood viscosity of 4.9 cP, and a blood density of 1079.72 kg m
3
.  The generated mesh 
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contained 141372 elements; it had a maximum skewness of 0.49 and an average skewness of 
0.10 with a standard deviation of 0.07. 
Fully developed flow at the inlet produced a Reynolds number of 3147 and a Dean 
number of 1625.  The velocity plots were given a recirculation rating of 1.  The average velocity 
observed was 1.31 m/s, and the maximum velocity observed was 2.58 m/s. 
Plug flow at the inlet produced a Reynolds number of 3114 and a Dean number of 1608.  
The velocity plots were given a recirculation rating of 7.5.  The average velocity observed was 
1.29 m/s, and the maximum velocity observed was 2.09 m/s. 
Figure 3-17 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 17, as calculated for fully developed flow and for plug flow. 
a)  
b)  
Figure 3-17: Design 1 Point 17: a) Fully Developed Flow; b) Plug Flow 
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Design point 18 of Design 1 had a flowrate of 5.44 L/min, and outlet pressure of 103.06 
mmHg, a bend angle of 28.89, a radius of curvature of 6.125 times the graft diameter of 10.58 
mm, a blood viscosity of 5.87 cP, and a blood density of 1110.28 kg m
3
.  The generated mesh 
contained 143055 elements; it had a maximum skewness of 0.46 and an average skewness of 
0.10 with a standard deviation of 0.07. 
Fully developed flow at the inlet produced a Reynolds number of 2088 and a Dean 
number of 596.  The velocity plots were given a recirculation rating of 3.  The average velocity 
observed was 1.04 m/s, and the maximum velocity observed was 2.07 m/s. 
Plug flow at the inlet produced a Reynolds number of 2074 and a Dean number of 593.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
1.04 m/s, and the maximum velocity observed was 1.66 m/s. 
Figure 3-18 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 18, as calculated for fully developed flow and for plug flow. 
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a)  
b)  
Figure 3-18: Design 1 Point 18: a) Fully Developed Flow; b) Plug Flow 
Design point 19 of Design 1 had a flowrate of 5 L/min, and outlet pressure of 150.28 
mmHg, a bend angle of 26.67, a radius of curvature of 7.625 times the graft diameter of 11.92 
mm, a blood viscosity of 3.92 cP, and a blood density of 1029.72 kg m
3
.  The generated mesh 
contained 146016 elements; it had a maximum skewness of 0.46 and an average skewness of 
0.10 with a standard deviation of 0.07. 
Fully developed flow at the inlet produced a Reynolds number of 2360 and a Dean 
number of 604.  The velocity plots were given a recirculation rating of 3.  The average velocity 
observed was 0.75 m/s, and the maximum velocity observed was 1.51 m/s. 
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Plug flow at the inlet produced a Reynolds number of 2345 and a Dean number of 601.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
0.75 m/s, and the maximum velocity observed was 1.17 m/s. 
Figure 3-19 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 19, as calculated for fully developed flow and for plug flow. 
a)  
b)  
Figure 3-19: Design 1 Point 19: a) Fully Developed Flow; b) Plug Flow 
Design point 20 of Design 1 had a flowrate of 3 L/min, and outlet pressure of 66.94 
mmHg, a bend angle of 31.11, a radius of curvature of 1.625 times the graft diameter of 12.42 
mm, a blood viscosity of 4.8 cP, and a blood density of 1085.28 kg m
3
.  The generated mesh 
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contained 127296 elements; it had a maximum skewness of 0.46 and an average skewness of 
0.10 with a standard deviation of 0.07. 
Fully developed flow at the inlet produced a Reynolds number of 1175 and a Dean 
number of 652.  The velocity plots were given a recirculation rating of 5.  The average velocity 
observed was 0.42 m/s, and the maximum velocity observed was 0.83 m/s. 
Plug flow at the inlet produced a Reynolds number of 1164 and a Dean number of 645.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
0.41 m/s, and the maximum velocity observed was 0.72 m/s. 
Figure 3-20 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 20, as calculated for fully developed flow and for plug flow. 
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a)  
b)  
Figure 3-20: Design 1 Point 20: a) Fully Developed Flow; b) Plug Flow 
Design point 21 of Design 1 had a flowrate of 3.44 L/min, and outlet pressure of 122.5 
mmHg, a bend angle of 55.56, a radius of curvature of 2.125 times the graft diameter of 15.75 
mm, a blood viscosity of 4.7 cP, and a blood density of 1101.94 kg m
3
.  The generated mesh 
contained 111696 elements; it had a maximum skewness of 0.51 and an average skewness of 
0.10 with a standard deviation of 0.07. 
Fully developed flow at the inlet produced a Reynolds number of 1106 and a Dean 
number of 537.  The velocity plots were given a recirculation rating of 5.  The average velocity 
observed was 0.3 m/s, and the maximum velocity observed was 0.59 m/s. 
  
54 
 
Plug flow at the inlet produced a Reynolds number of 1093 and a Dean number of 530.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 0.3 
m/s, and the maximum velocity observed was 0.5 m/s. 
Figure 3-21 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 21, as calculated for fully developed flow and for plug flow. 
a)  
b)  
Figure 3-21: Design 1 Point 21: a) Fully Developed Flow; b) Plug Flow 
Design point 22 of Design 1 had a flowrate of 8.78 L/min, and outlet pressure of 72.5 
mmHg, a bend angle of 35.56, a radius of curvature of 7.125 times the graft diameter of 12.58 
mm, a blood viscosity of 3.34 cP, and a blood density of 1107.5 kg m
3
.  The generated mesh 
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contained 148512 elements; it had a maximum skewness of 0.48 and an average skewness of 
0.10 with a standard deviation of 0.07. 
Fully developed flow at the inlet produced a Reynolds number of 4965 and a Dean 
number of 1315.  The velocity plots were given a recirculation rating of 4.  The average velocity 
observed was 1.19 m/s, and the maximum velocity observed was 2.37 m/s. 
Plug flow at the inlet produced a Reynolds number of 4927 and a Dean number of 1305.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
1.18 m/s, and the maximum velocity observed was 1.69 m/s. 
Figure 3-22 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 22, as calculated for fully developed flow and for plug flow. 
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a)  
b)  
Figure 3-22: Design 1 Point 22: a) Fully Developed Flow; b) Plug Flow 
Design point 23 of Design 1 had a flowrate of 7.44 L/min, and outlet pressure of 116.94 
mmHg, a bend angle of 33.33, a radius of curvature of 2.375 times the graft diameter of 10.42 
mm, a blood viscosity of 3.24 cP, and a blood density of 1088.06 kg m
3
.  The generated mesh 
contained 120500 elements; it had a maximum skewness of 0.45 and an average skewness of 
0.10 with a standard deviation of 0.07. 
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Fully developed flow at the inlet produced a Reynolds number of 5186 and a Dean 
number of 2380.  The velocity plots were given a recirculation rating of 8.  The average velocity 
observed was 1.48 m/s, and the maximum velocity observed was 2.94 m/s. 
Plug flow at the inlet produced a Reynolds number of 5113 and a Dean number of 2346.  
The velocity plots were given a recirculation rating of 2.5.  The average velocity observed was 
1.46 m/s, and the maximum velocity observed was 2.18 m/s. 
Figure 3-23 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 23, as calculated for fully developed flow and for plug flow. 
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a)  
b)  
Figure 3-23: Design 1 Point 23: a) Fully Developed Flow; b) Plug Flow 
Design point 24 of Design 1 had a flowrate of 2.56 L/min, and outlet pressure of 133.61 
mmHg, a bend angle of 73.33, a radius of curvature of 3.125 times the graft diameter of 13.25 
mm, a blood viscosity of 3.73 cP, and a blood density of 1035.28 kg m
3
.  The generated mesh 
contained 141024 elements; it had a maximum skewness of 0.48 and an average skewness of 
0.10 with a standard deviation of 0.07. 
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Fully developed flow at the inlet produced a Reynolds number of 1151 and a Dean 
number of 460.  The velocity plots were given a recirculation rating of 0.  The average velocity 
observed was 0.31 m/s, and the maximum velocity observed was 0.62 m/s. 
Plug flow at the inlet produced a Reynolds number of 1143 and a Dean number of 457.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
0.31 m/s, and the maximum velocity observed was 0.51 m/s. 
Figure 3-24 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 24, as calculated for fully developed flow and for plug flow. 
a)  
b)  
Figure 3-24: Design 1 Point 24: a) Fully Developed Flow; b) Plug Flow 
Design point 25 of Design 1 had a flowrate of 9.22 L/min, and outlet pressure of 75.28 
mmHg, a bend angle of 22.22, a radius of curvature of 5.375 times the graft diameter of 10.75 
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mm, a blood viscosity of 5.19 cP, and a blood density of 1046.39 kg m
3
.  The generated mesh 
contained 134079 elements; it had a maximum skewness of 0.46 and an average skewness of 
0.10 with a standard deviation of 0.07. 
Fully developed flow at the inlet produced a Reynolds number of 3717 and a Dean 
number of 1134.  The velocity plots were given a recirculation rating of 7.  The average velocity 
observed was 1.71 m/s, and the maximum velocity observed was 3.39 m/s. 
Plug flow at the inlet produced a Reynolds number of 3686 and a Dean number of 1124.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 1.7 
m/s, and the maximum velocity observed was 2.52 m/s. 
Figure 3-25 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 25, as calculated for fully developed flow and for plug flow. 
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a)  
b)  
Figure 3-25: Design 1 Point 25: a) Fully Developed Flow; b) Plug Flow 
Design point 26 of Design 1 had a flowrate of 9 L/min, and outlet pressure of 91.94 
mmHg, a bend angle of 51.11, a radius of curvature of 8.875 times the graft diameter of 15.25 
mm, a blood viscosity of 5.97 cP, and a blood density of 1082.5 kg m
3
.  The generated mesh 
contained 152880 elements; it had a maximum skewness of 0.5 and an average skewness of 0.10 
with a standard deviation of 0.07. 
Fully developed flow at the inlet produced a Reynolds number of 2295 and a Dean 
number of 545.  The velocity plots were given a recirculation rating of 0.  The average velocity 
observed was 0.83 m/s, and the maximum velocity observed was 1.66 m/s. 
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Plug flow at the inlet produced a Reynolds number of 2284 and a Dean number of 542.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
0.83 m/s, and the maximum velocity observed was 1.31 m/s. 
Figure 3-26 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 26, as calculated for fully developed flow and for plug flow. 
a)  
b)  
Figure 3-26: Design 1 Point 26: a) Fully Developed Flow; b) Plug Flow 
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Design point 27 of Design 1 had a flowrate of 5.22 L/min, and outlet pressure of 86.39 
mmHg, a bend angle of 68.89, a radius of curvature of 7.875 times the graft diameter of 15.42 
mm, a blood viscosity of 4.02 cP, and a blood density of 1026.94 kg m
3
.  The generated mesh 
contained 162240 elements; it had a maximum skewness of 0.53 and an average skewness of 
0.10 with a standard deviation of 0.07. 
Fully developed flow at the inlet produced a Reynolds number of 1856 and a Dean 
number of 468.  The velocity plots were given a recirculation rating of 0.  The average velocity 
observed was 0.47 m/s, and the maximum velocity observed was 0.94 m/s. 
Plug flow at the inlet produced a Reynolds number of 1847 and a Dean number of 465.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
0.47 m/s, and the maximum velocity observed was 0.79 m/s. 
Figure 3-27 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 27, as calculated for fully developed flow and for plug flow. 
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a)  
b)  
Figure 3-27: Design 1 Point 27: a) Fully Developed Flow; b) Plug Flow 
Design point 28 of Design 1 had a flowrate of 6.56 L/min, and outlet pressure of 147.5 
mmHg, a bend angle of 20, a radius of curvature of 2.625 times the graft diameter of 14.42 mm, 
a blood viscosity of 3.44 cP, and a blood density of 1065.83 kg m
3
.  The generated mesh 
contained 133812 elements; it had a maximum skewness of 0.46 and an average skewness of 
0.09 with a standard deviation of 0.07. 
Fully developed flow at the inlet produced a Reynolds number of 3030 and a Dean 
number of 1322.  The velocity plots were given a recirculation rating of 7.  The average velocity 
observed was 0.68 m/s, and the maximum velocity observed was 1.35 m/s. 
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Plug flow at the inlet produced a Reynolds number of 2999 and a Dean number of 1309.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
0.67 m/s, and the maximum velocity observed was 1.00 m/s. 
Figure 3-28 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 28, as calculated for fully developed flow and for plug flow. 
a)  
b)  
Figure 3-28: Design 1 Point 28: a) Fully Developed Flow; b) Plug Flow 
Design point 29 of Design 1 had a flowrate of 8.56 L/min, and outlet pressure of 141.94 
mmHg, a bend angle of 66.67, a radius of curvature of 4.625 times the graft diameter of 14.25 
mm, a blood viscosity of 4.51 cP, and a blood density of 1118.61 kg m
3
.  The generated mesh 
contained 143520 elements; it had a maximum skewness of 0.53 and an average skewness of 
0.10 with a standard deviation of 0.07. 
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Fully developed flow at the inlet produced a Reynolds number of 3205 and a Dean 
number of 1054.  The velocity plots were given a recirculation rating of 4.  The average velocity 
observed was 0.91 m/s, and the maximum velocity observed was 1.8 m/s. 
Plug flow at the inlet produced a Reynolds number of 3179 and a Dean number of 1045.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 0.9 
m/s, and the maximum velocity observed was 1.38 m/s. 
Figure 3-29 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 29, as calculated for fully developed flow and for plug flow. 
a)  
b)  
Figure 3-29: Design 1 Point 29: a) Fully Developed Flow; b) Plug Flow 
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Design point 30 of Design 1 had a flowrate of 5.67 L/min, and outlet pressure of 94.72 
mmHg, a bend angle of 40, a radius of curvature of 9.875 times the graft diameter of 12.08 mm, 
a blood viscosity of 6.26 cP, and a blood density of 1040.83 kg m
3
.  The generated mesh 
contained 166608 elements; it had a maximum skewness of 0.48 and an average skewness of 
0.10 with a standard deviation of 0.07. 
Fully developed flow at the inlet produced a Reynolds number of 1669 and a Dean 
number of 376.  The velocity plots were given a recirculation rating of 0.  The average velocity 
observed was 0.83 m/s, and the maximum velocity observed was 1.66 m/s. 
Plug flow at the inlet produced a Reynolds number of 1663 and a Dean number of 374.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
0.83 m/s, and the maximum velocity observed was 1.32 m/s. 
Figure 3-30 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 30, as calculated for fully developed flow and for plug flow. 
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a)  
b)  
Figure 3-30: Design 1 Point 30: a) Fully Developed Flow; b) Plug Flow 
Design point 31 of Design 1 had a flowrate of 7.67 L/min, and outlet pressure of 89.17 
mmHg, a bend angle of 17.78, a radius of curvature of 4.875 times the graft diameter of 15.92 
mm, a blood viscosity of 4.31 cP, and a blood density of 1038.06 kg m
3
.  The generated mesh 
contained 104208 elements; it had a maximum skewness of 0.45 and an average skewness of 
0.10 with a standard deviation of 0.07. 
Fully developed flow at the inlet produced a Reynolds number of 2488 and a Dean 
number of 797.  The velocity plots were given a recirculation rating of 3.  The average velocity 
observed was 0.65 m/s, and the maximum velocity observed was 1.3 m/s. 
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Plug flow at the inlet produced a Reynolds number of 2468 and a Dean number of 791.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
0.64 m/s, and the maximum velocity observed was 0.95 m/s. 
Figure 3-31 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 31, as calculated for fully developed flow and for plug flow. 
a)  
b)  
Figure 3-31: Design 1 Point 31: a) Fully Developed Flow; b) Plug Flow 
Design point 32 of Design 1 had a flowrate of 4.11 L/min, and outlet pressure of 128.06 
mmHg, a bend angle of 88.89, a radius of curvature of 9.125 times the graft diameter of 12.25 
mm, a blood viscosity of 5.67 cP, and a blood density of 1049.17 kg m
3
.  The generated mesh 
contained 218400 elements; it had a maximum skewness of 0.59 and an average skewness of 
0.10 with a standard deviation of 0.07. 
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Fully developed flow at the inlet produced a Reynolds number of 1329 and a Dean 
number of 311.  The velocity plots were given a recirculation rating of 0.  The average velocity 
observed was 0.59 m/s, and the maximum velocity observed was 1.17 m/s. 
Plug flow at the inlet produced a Reynolds number of 1325 and a Dean number of 310.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
0.58 m/s, and the maximum velocity observed was 1.05 m/s. 
Figure 3-32 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 32, as calculated for fully developed flow and for plug flow. 
a)  
b)  
Figure 3-32: Design 1 Point 32: a) Fully Developed Flow; b) Plug Flow  
Design point 33 of Design 1 had a flowrate of 6.78 L/min, and outlet pressure of 64.17 
mmHg, a bend angle of 84.44, a radius of curvature of 3.875 times the graft diameter of 11.42 
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mm, a blood viscosity of 5.77 cP, and a blood density of 1074.17 kg m
3
.  The generated mesh 
contained 154275 elements; it had a maximum skewness of 0.49 and an average skewness of 
0.10 with a standard deviation of 0.07. 
Fully developed flow at the inlet produced a Reynolds number of 2377 and a Dean 
number of 854.  The velocity plots were given a recirculation rating of 2.  The average velocity 
observed was 1.12 m/s, and the maximum velocity observed was 2.21 m/s. 
Plug flow at the inlet produced a Reynolds number of 2359 and a Dean number of 848.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
1.11 m/s, and the maximum velocity observed was 1.84 m/s. 
Figure 3-33 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 33, as calculated for fully developed flow and for plug flow. 
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a)  
b)  
Figure 3-33: Design 1 Point 33: a) Fully Developed Flow; b) Plug Flow 
Design point 34 of Design 1 had a flowrate of 9.67 L/min, and outlet pressure of 144.72 
mmHg, a bend angle of 53.33, a radius of curvature of 6.375 times the graft diameter of 13.58 
mm, a blood viscosity of 5.09 cP, and a blood density of 1024.17 kg m
3
.  The generated mesh 
contained 151632 elements; it had a maximum skewness of 0.5 and an average skewness of 0.10 
with a standard deviation of 0.07. 
Fully developed flow at the inlet produced a Reynolds number of 3072 and a Dean 
number of 860.  The velocity plots were given a recirculation rating of 2.  The average velocity 
observed was 1.12 m/s, and the maximum velocity observed was 2.24 m/s. 
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Plug flow at the inlet produced a Reynolds number of 3053 and a Dean number of 855.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
1.12 m/s, and the maximum velocity observed was 1.71 m/s. 
Figure 3-34 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 34, as calculated for fully developed flow and for plug flow. 
a)  
b)  
Figure 3-34: Design 1 Point 34: a) Fully Developed Flow; b) Plug Flow 
Design point 35 of Design 1 had a flowrate of 8.33 L/min, and outlet pressure of 119.72 
mmHg, a bend angle of 82.22, a radius of curvature of 6.625 times the graft diameter of 14.58 
mm, a blood viscosity of 3.05 cP, and a blood density of 1068.61 kg m
3
.  The generated mesh 
contained 167232 elements; it had a maximum skewness of 0.57 and an average skewness of 
0.10 with a standard deviation of 0.07. 
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Fully developed flow at the inlet produced a Reynolds number of 4305 and a Dean 
number of 1183.  The velocity plots were given a recirculation rating of 4.  The average velocity 
observed was 0.84 m/s, and the maximum velocity observed was 1.68 m/s. 
Plug flow at the inlet produced a Reynolds number of 4275 and a Dean number of 1174.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
0.84 m/s, and the maximum velocity observed was 1.28 m/s. 
Figure 3-35 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 35, as calculated for fully developed flow and for plug flow. 
a)  
b)  
Figure 3-35: Design 1 Point 35: a) Fully Developed Flow; b) Plug Flow 
Design point 36 of Design 1 had a flowrate of 4.78 L/min, and outlet pressure of 78.06 
mmHg, a bend angle of 11.11, a radius of curvature of 8.625 times the graft diameter of 12.75 
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mm, a blood viscosity of 3.83 cP, and a blood density of 1060.28 kg m
3
.  The generated mesh 
contained 126672 elements; it had a maximum skewness of 0.45 and an average skewness of 
0.10 with a standard deviation of 0.07. 
Fully developed flow at the inlet produced a Reynolds number of 2218 and a Dean 
number of 534.  The velocity plots were given a recirculation rating of 0.  The average velocity 
observed was 0.63 m/s, and the maximum velocity observed was 1.26 m/s. 
Plug flow at the inlet produced a Reynolds number of 2210 and a Dean number of 532.  
The velocity plots were given a recirculation rating of 0.  The average velocity observed was 
0.63 m/s, and the maximum velocity observed was 0.96 m/s. 
Figure 3-36 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 36, as calculated for fully developed flow and for plug flow. 
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a)  
b)  
Figure 3-36: Design 1 Point 36: a) Fully Developed Flow; b) Plug Flow 
 
3.2 Design 2 
Design point 1 of Design 2 had a flowrate of 6.14 L/min, and outlet pressure of 158.21 
mmHg, a bend angle of 50.36, a radius of curvature of 4.125 times the graft diameter, a blood 
viscosity of 4.44 cP, and a blood density of 1036.07 kg m
3
. The HMII has a 16mm graft 
diameter, while Heartware’s HVAD has a 10mm graft diameter.  The generated mesh contained 
131000 elements; it had a maximum skewness of 0.49 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 
3093 and a Dean number of 1336.  The velocity plots were given a recirculation rating of 4.  The 
average velocity observed was 1.32 m/s, and the maximum velocity observed was 2.63 m/s.   
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Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 1936 
and a Dean number of 837.  The velocity plots were given a recirculation rating of 5.  The 
average velocity observed was 0.52 m/s, and the maximum velocity observed was 1.03 m/s. 
Figure 3-37 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 1 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
a)  
b)   
Figure 3-37: Design 2 Point 1, Fully Developed Flow: a) HVAD; b) HMII  
Plug flow at the inlet of the HVAD graft produced a Reynolds number of 3060 and a 
Dean number of 1322.  The velocity plots were given a recirculation rating of 1.5.  The average 
velocity observed was 1.31 m/s, and the maximum velocity observed was 2.08 m/s. 
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Plug flow at the inlet of the HMII graft produced a Reynolds number of 1911 and a Dean 
number of 826.  The velocity plots were given a recirculation rating of 0.  The average velocity 
observed was 0.51 m/s, and the maximum velocity observed was 0.81 m/s. 
Figure 3-38 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 1 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
a)  
b)   
Figure 3-38: Design 2 Point 1, Plug Flow: a) HVAD; b) HMII 
Design point 2 of Design 2 had a flowrate of 5 L/min, and outlet pressure of 79.64 
mmHg, a bend angle of 84.64, a radius of curvature of 5.125 times the graft diameter, a blood 
viscosity of 4.06 cP, and a blood density of 1046.79 kg m
3
.  The generated mesh contained 
131000 elements; it had a maximum skewness of 0.57 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
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Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 
2786 and a Dean number of 1762.  The velocity plots were given a recirculation rating of 4.  The 
average velocity observed was 1.08 m/s, and the maximum velocity observed was 2.16 m/s. 
Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 1748 
and a Dean number of 1105.  The velocity plots were given a recirculation rating of 6.  The 
average velocity observed was 0.42 m/s, and the maximum velocity observed was 0.84 m/s. 
Figure 3-39 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 2 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
a)  
b)   
Figure 3-39: Design 2 Point 2, Fully Developed Flow: a) HVAD; b) HMII  
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Plug flow at the inlet of the HVAD graft produced a Reynolds number of 2752 and a 
Dean number of 1740.  The velocity plots were given a recirculation rating of 9.  The average 
velocity observed was 1.07 m/s, and the maximum velocity observed was 1.81 m/s. 
Plug flow at the inlet of the HMII graft produced a Reynolds number of 1719 and a Dean 
number of 1087.  The velocity plots were given a recirculation rating of 7.5.  The average 
velocity observed was 0.42 m/s, and the maximum velocity observed was 0.71 m/s. 
Figure 3-40 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 2 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
a)  
b)   
Figure 3-40: Design 2 Point 2, Plug Flow: a) HVAD; b) HMII 
Design point 3 of Design 2 had a flowrate of 3.29 L/min, and outlet pressure of 93.93 
mmHg, a bend angle of 41.79, a radius of curvature of 4.375 times the graft diameter, a blood 
  
81 
 
viscosity of 4.94 cP, and a blood density of 1025.36 kg m
3
.  The generated mesh contained 
128000 elements; it had a maximum skewness of 0.45 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 
1469 and a Dean number of 662.  The velocity plots were given a recirculation rating of 6.  The 
average velocity observed was 0.71 m/s, and the maximum velocity observed was 1.41 m/s. 
Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 919 
and a Dean number of 414.  The velocity plots were given a recirculation rating of 1.  The 
average velocity observed was 0.28 m/s, and the maximum velocity observed was 0.55 m/s. 
Figure 3-41 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 3 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
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a)  
b)   
Figure 3-41: Design 2 Point 3, Fully Developed Flow: a) HVAD; b) HMII  
Plug flow at the inlet of the HVAD graft produced a Reynolds number of 1455 and a 
Dean number of 655.  The velocity plots were given a recirculation rating of 0.  The average 
velocity observed was 0.7 m/s, and the maximum velocity observed was 1.2 m/s. 
Plug flow at the inlet of the HMII graft produced a Reynolds number of 909 and a Dean 
number of 409.  The velocity plots were given a recirculation rating of 0.  The average velocity 
observed was 0.27 m/s, and the maximum velocity observed was 0.47 m/s. 
Figure 3-42 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 3 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
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a)  
b)   
Figure 3-42: Design 2 Point 3, Plug Flow: a) HVAD; b) HMII 
Design point 4 of Design 2 had a flowrate of 2.14 L/min, and outlet pressure of 115.36 
mmHg, a bend angle of 58.93, a radius of curvature of 7.375 times the graft diameter, a blood 
viscosity of 5.56 cP, and a blood density of 1082.5 kg m
3
.  The generated mesh contained 
123500 elements; it had a maximum skewness of 0.46 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 899 
and a Dean number of 604.  The velocity plots were given a recirculation rating of 10.  The 
average velocity observed was 0.46 m/s, and the maximum velocity observed was 0.94 m/s. 
Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 562 
and a Dean number of 378.  The velocity plots were given a recirculation rating of 3.  The 
average velocity observed was 0.18 m/s, and the maximum velocity observed was 0.37 m/s. 
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Figure 3-43 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 4 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
 
  
Figure 3-43: Design 2 Point 4, Fully Developed Flow: a) HVAD; b) HMII 
Plug flow at the inlet of the HVAD graft produced a Reynolds number of 890 and a Dean 
number of 598.  The velocity plots were given a recirculation rating of 4.  The average velocity 
observed was 0.46 m/s, and the maximum velocity observed was 0.85 m/s. 
Plug flow at the inlet of the HMII graft produced a Reynolds number of 555 and a Dean 
number of 373.  The velocity plots were given a recirculation rating of 1.  The average velocity 
observed was 0.18 m/s, and the maximum velocity observed was 0.33 m/s. 
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Figure 3-44 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 4 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
a)  
b)   
Figure 3-44: Design 2 Point 4, Plug Flow: a) HVAD; b) HMII 
Design point 5 of Design 2 had a flowrate of 3 L/min, and outlet pressure of 104.64 
mmHg, a bend angle of 37.5, a radius of curvature of 3.375 times the graft diameter, a blood 
viscosity of 5.44 cP, and a blood density of 1107.5 kg m
3
.  The generated mesh contained 
125500 elements; it had a maximum skewness of 0.47 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 
1315 and a Dean number of 620.  The velocity plots were given a recirculation rating of 6.  The 
average velocity observed was 0.65 m/s, and the maximum velocity observed was 1.29 m/s. 
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Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 822 
and a Dean number of 388.  The velocity plots were given a recirculation rating of 2.  The 
average velocity observed was 0.25 m/s, and the maximum velocity observed was 0.5 m/s. 
Figure 3-45 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 5 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
a)  
b)   
Figure 3-45: Design 2 Point 5, Fully Developed Flow: a) HVAD; b) HMII 
Plug flow at the inlet of the HVAD graft produced a Reynolds number of 1303 and a 
Dean number of 614.  The velocity plots were given a recirculation rating of 0.  The average 
velocity observed was 0.64 m/s, and the maximum velocity observed was 1.12 m/s. 
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Plug flow at the inlet of the HMII graft produced a Reynolds number of 814 and a Dean 
number of 384.  The velocity plots were given a recirculation rating of 0.  The average velocity 
observed was 0.25 m/s, and the maximum velocity observed was 0.44 m/s. 
Figure 3-46 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 5 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
a)  
b)   
Figure 3-46: Design 2 Point 5, Plug Flow: a) HVAD; b) HMII 
Design point 6 of Design 2 had a flowrate of 8.14 L/min, and outlet pressure of 133.21 
mmHg, a bend angle of 39.64, a radius of curvature of 1.125 times the graft diameter, a blood 
viscosity of 5.69 cP, and a blood density of 1111.07 kg m
3
.  The generated mesh contained 
125000 elements; it had a maximum skewness of 0.47 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
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Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 
3442 and a Dean number of 1879.  The velocity plots were given a recirculation rating of 9.  The 
average velocity observed was 1.76 m/s, and the maximum velocity observed was 3.49 m/s. 
Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 2157 
and a Dean number of 1177.  The velocity plots were given a recirculation rating of 9.  The 
average velocity observed was 0.69 m/s, and the maximum velocity observed was 1.35 m/s. 
Figure 3-47 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 6 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
a)  
b)   
Figure 3-47: Design 2 Point 6, Fully Developed Flow: a) HVAD; b) HMII 
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Plug flow at the inlet of the HVAD graft produced a Reynolds number of 3392 and a 
Dean number of 1851.  The velocity plots were given a recirculation rating of 6.  The average 
velocity observed was 1.74 m/s, and the maximum velocity observed was 2.77 m/s. 
Plug flow at the inlet of the HMII graft produced a Reynolds number of 2117 and a Dean 
number of 1155.  The velocity plots were given a recirculation rating of 2.  The average velocity 
observed was 0.68 m/s, and the maximum velocity observed was 1.08 m/s. 
Figure 3-48 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 6 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
a)  
b)   
Figure 3-48: Design 2 Point 6, Plug Flow: a) HVAD; b) HMII 
Design point 7 of Design 2 had a flowrate of 7 L/min, and outlet pressure of 65.36 
mmHg, a bend angle of 80.36, a radius of curvature of 5.625 times the graft diameter, a blood 
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viscosity of 4.81 cP, and a blood density of 1057.5 kg m
3
.  The generated mesh contained 
141500 elements; it had a maximum skewness of 0.56 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 
3312 and a Dean number of 1394.  The velocity plots were given a recirculation rating of 3.  The 
average velocity observed was 1.51 m/s, and the maximum velocity observed was 3 m/s. 
Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 2074 
and a Dean number of 873.  The velocity plots were given a recirculation rating of 2.  The 
average velocity observed was 0.59 m/s, and the maximum velocity observed was 1.17 m/s. 
Figure 3-49 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 7 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
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a)  
b)   
Figure 3-49: Design 2 Point 7, Fully Developed Flow: a) HVAD; b) HMII 
Plug flow at the inlet of the HVAD graft produced a Reynolds number of 3284 and a 
Dean number of 1383.  The velocity plots were given a recirculation rating of 1.  The average 
velocity observed was 1.49 m/s, and the maximum velocity observed was 2.38 m/s. 
Plug flow at the inlet of the HMII graft produced a Reynolds number of 2053 and a Dean 
number of 864.  The velocity plots were given a recirculation rating of 0.  The average velocity 
observed was 0.58 m/s, and the maximum velocity observed was 0.94 m/s. 
Figure 3-50 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 7 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
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a)  
b)   
Figure 3-50: Design 2 Point 7, Plug Flow: a) HVAD; b) HMII 
Design point 8 of Design 2 had a flowrate of 5.86 L/min, and outlet pressure of 140.36 
mmHg, a bend angle of 88.93, a radius of curvature of 8.375 times the graft diameter, a blood 
viscosity of 5.19 cP, and a blood density of 1043.21 kg m
3
.  The generated mesh contained 
140500 elements; it had a maximum skewness of 0.49 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 
2538 and a Dean number of 1160.  The velocity plots were given a recirculation rating of 2.  The 
average velocity observed was 1.26 m/s, and the maximum velocity observed was 2.51 m/s. 
Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 1589 
and a Dean number of 726.  The velocity plots were given a recirculation rating of 0.  The 
average velocity observed was 0.49 m/s, and the maximum velocity observed was 0.98 m/s. 
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Figure 3-51 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 8 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
a)  
b)  
Figure 3-51: Design 2 Point 8, Fully Developed Flow: a) HVAD; b) HMII 
Plug flow at the inlet of the HVAD graft produced a Reynolds number of 2516 and a 
Dean number of 1150.  The velocity plots were given a recirculation rating of 1.  The average 
velocity observed was 1.25 m/s, and the maximum velocity observed was 2.05 m/s. 
Plug flow at the inlet of the HMII graft produced a Reynolds number of 1572 and a Dean 
number of 719.  The velocity plots were given a recirculation rating of 0.  The average velocity 
observed was 0.49 m/s, and the maximum velocity observed was 0.8 m/s. 
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Figure 3-52 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 8 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
a)  
b)   
Figure 3-52: Design 2 Point 8, Plug Flow: a) HVAD; b) HMII 
Design point 9 of Design 2 had a flowrate of 4.14 L/min, and outlet pressure of 143.93 
mmHg, a bend angle of 31.07, a radius of curvature of 2.875 times the graft diameter, a blood 
viscosity of 3.69 cP, and a blood density of 1075.36 kg m
3
.  The generated mesh contained 
122000 elements; it had a maximum skewness of 0.46 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 
2605 and a Dean number of 1314.  The velocity plots were given a recirculation rating of 9.  The 
average velocity observed was 0.89 m/s, and the maximum velocity observed was 1.78 m/s. 
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Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 1629 
and a Dean number of 822.  The velocity plots were given a recirculation rating of 7.  The 
average velocity observed was 0.35 m/s, and the maximum velocity observed was 0.69 m/s. 
Figure 3-53 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 9 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
a)  
b)   
Figure 3-53: Design 2 Point 9, Fully Developed Flow: a) HVAD; b) HMII 
Plug flow at the inlet of the HVAD graft produced a Reynolds number of 2576 and a 
Dean number of 1300.  The velocity plots were given a recirculation rating of 1.  The average 
velocity observed was 0.88 m/s, and the maximum velocity observed was 1.43 m/s. 
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Plug flow at the inlet of the HMII graft produced a Reynolds number of 1607 and a Dean 
number of 811.  The velocity plots were given a recirculation rating of 0.  The average velocity 
observed was 0.34 m/s, and the maximum velocity observed was 0.56 m/s. 
Figure 3-54 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 9 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
a)  
b)   
Figure 3-54: Design 2 Point 9, Plug Flow: a) HVAD; b) HMII 
Design point 10 of Design 2 had a flowrate of 8.71 L/min, and outlet pressure of 97.5 
mmHg, a bend angle of 82.5, a radius of curvature of 8.125 times the graft diameter, a blood 
viscosity of 6.06 cP, and a blood density of 1064.64 kg m
3
.  The generated mesh contained 
132500 elements; it had a maximum skewness of 0.56 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
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Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 
3307 and a Dean number of 1932.  The velocity plots were given a recirculation rating of 3.  The 
average velocity observed was 1.88 m/s, and the maximum velocity observed was 3.75 m/s. 
Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 2074 
and a Dean number of 1212.  The velocity plots were given a recirculation rating of 3.  The 
average velocity observed was 0.74 m/s, and the maximum velocity observed was 1.46 m/s. 
Figure 3-55 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 10 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
a)  
b)   
Figure 3-55: Design 2 Point 10, Fully Developed Flow: a) HVAD; b) HMII 
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Plug flow at the inlet of the HVAD graft produced a Reynolds number of 3268 and a 
Dean number of 1910.  The velocity plots were given a recirculation rating of 10.  The average 
velocity observed was 1.86 m/s, and the maximum velocity observed was 3.07 m/s. 
Plug flow at the inlet of the HMII graft produced a Reynolds number of 2042 and a Dean 
number of 1193.  The velocity plots were given a recirculation rating of 6.5.  The average 
velocity observed was 0.73 m/s, and the maximum velocity observed was 1.2 m/s. 
Figure 3-56 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 10 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
a)  
b)   
Figure 3-56: Design 2 Point 10, Plug Flow: a) HVAD; b) HMII 
Design point 11 of Design 2 had a flowrate of 9.57 L/min, and outlet pressure of 118.93 
mmHg, a bend angle of 56.79, a radius of curvature of 9.625 times the graft diameter, a blood 
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viscosity of 6.19 cP, and a blood density of 1050.36 kg m
3
.  The generated mesh contained 
130500 elements; it had a maximum skewness of 0.46 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 
3504 and a Dean number of 1534.  The velocity plots were given a recirculation rating of 3.  The 
average velocity observed was 2.06 m/s, and the maximum velocity observed was 4.11 m/s. 
Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 2194 
and a Dean number of 961.  The velocity plots were given a recirculation rating of 4.  The 
average velocity observed was 0.81 m/s, and the maximum velocity observed was 1.6 m/s. 
Figure 3-57 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 11 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
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a)   
b)   
Figure 3-57: Design 2 Point 11, Fully Developed Flow: a) HVAD; b) HMII 
Plug flow at the inlet of the HVAD graft produced a Reynolds number of 3467 and a 
Dean number of 1518.  The velocity plots were given a recirculation rating of 4.  The average 
velocity observed was 2.04 m/s, and the maximum velocity observed was 3.2 m/s. 
Plug flow at the inlet of the HMII graft produced a Reynolds number of 2166 and a Dean 
number of 948.  The velocity plots were given a recirculation rating of 0.  The average velocity 
observed was 0.8 m/s, and the maximum velocity observed was 1.26 m/s. 
Figure 3-58 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 11 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
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a)  
b)   
Figure 3-58: Design 2 Point 11, Plug Flow: a) HVAD; b) HMII 
Design point 12 of Design 2 had a flowrate of 2.43 L/min, and outlet pressure of 111.79 
mmHg, a bend angle of 73.93, a radius of curvature of 5.875 times the graft diameter, a blood 
viscosity of 4.31 cP, and a blood density of 1068.21 kg m
3
.  The generated mesh contained 
140000 elements; it had a maximum skewness of 0.54 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 
1293 and a Dean number of 537.  The velocity plots were given a recirculation rating of 0.  The 
average velocity observed was 0.52 m/s, and the maximum velocity observed was 1.04 m/s. 
Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 809 
and a Dean number of 336.  The velocity plots were given a recirculation rating of 0.  The 
average velocity observed was 0.2 m/s, and the maximum velocity observed was 0.41 m/s. 
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Figure 3-59 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 12 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
a)  
b)   
Figure 3-59: Design 2 Point 12, Fully Developed Flow: a) HVAD; b) HMII 
Plug flow at the inlet of the HVAD graft produced a Reynolds number of 1285 and a 
Dean number of 534.  The velocity plots were given a recirculation rating of 0.  The average 
velocity observed was 0.52 m/s, and the maximum velocity observed was 0.85 m/s. 
Plug flow at the inlet of the HMII graft produced a Reynolds number of 803 and a Dean 
number of 334.  The velocity plots were given a recirculation rating of 0.  The average velocity 
observed was 0.2 m/s, and the maximum velocity observed was 0.33 m/s. 
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Figure 3-60 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 12 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
a)  
b)   
Figure 3-60: Design 2 Point 12, Plug Flow: a) HVAD; b) HMII 
Design point 13 of Design 2 had a flowrate of 5.29 L/min, and outlet pressure of 83.21 
mmHg, a bend angle of 43.93, a radius of curvature of 9.375 times the graft diameter, a blood 
viscosity of 3.56 cP, and a blood density of 1089.64 kg m
3
.  The generated mesh contained 
124000 elements; it had a maximum skewness of 0.48 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 
3506 and a Dean number of 2284.  The velocity plots were given a recirculation rating of 8.  The 
average velocity observed was 1.15 m/s, and the maximum velocity observed was 2.29 m/s. 
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Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 2198 
and a Dean number of 1432.  The velocity plots were given a recirculation rating of 8.  The 
average velocity observed was 0.45 m/s, and the maximum velocity observed was 0.89 m/s. 
Figure 3-61 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 13 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
a)  
b)   
Figure 3-61: Design 2 Point 13, Fully Developed Flow: a) HVAD; b) HMII 
Plug flow at the inlet of the HVAD graft produced a Reynolds number of 3449 and a 
Dean number of 2247.  The velocity plots were given a recirculation rating of 9.  The average 
velocity observed was 1.13 m/s, and the maximum velocity observed was 1.85 m/s. 
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Plug flow at the inlet of the HMII graft produced a Reynolds number of 2152 and a Dean 
number of 1401.  The velocity plots were given a recirculation rating of 6.  The average velocity 
observed was 0.44 m/s, and the maximum velocity observed was 0.72 m/s. 
Figure 3-62 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 13 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
a)  
b)   
Figure 3-62: Design 2 Point 13, Plug Flow: a) HVAD; b) HMII 
Design point 14 of Design 2 had a flowrate of 7.57 L/min, and outlet pressure of 90.36 
mmHg, a bend angle of 78.21, a radius of curvature of 1.375 times the graft diameter, a blood 
viscosity of 3.94 cP, and a blood density of 1118.21 kg m
3
.  The generated mesh contained 
137500 elements; it had a maximum skewness of 0.55 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
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Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 
4636 and a Dean number of 2152.  The velocity plots were given a recirculation rating of 2.  The 
average velocity observed was 1.63 m/s, and the maximum velocity observed was 3.25 m/s. 
Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 2905 
and a Dean number of 1348.  The velocity plots were given a recirculation rating of 3.  The 
average velocity observed was 0.64 m/s, and the maximum velocity observed was 1.27 m/s. 
Figure 3-63 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 14 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
a)  
b)   
Figure 3-63: Design 2 Point 14, Fully Developed Flow: a) HVAD; b) HMII 
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Plug flow at the inlet of the HVAD graft produced a Reynolds number of 4590 and a 
Dean number of 2130.  The velocity plots were given a recirculation rating of 7.  The average 
velocity observed was 1.62 m/s, and the maximum velocity observed was 2.5 m/s. 
Plug flow at the inlet of the HMII graft produced a Reynolds number of 2868 and a Dean 
number of 1331.  The velocity plots were given a recirculation rating of 2.  The average velocity 
observed was 0.63 m/s, and the maximum velocity observed was 0.98 m/s. 
Figure 3-64 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 14 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
a)  
b)   
Figure 3-64: Design 2 Point 14, Plug Flow: a) HVAD; b) HMII 
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Design point 15 of Design 2 had a flowrate of 6.71 L/min, and outlet pressure of 154.64 
mmHg, a bend angle of 67.5, a radius of curvature of 6.875 times the graft diameter, a blood 
viscosity of 5.31 cP, and a blood density of 1100.36 kg m
3
.  The generated mesh contained 
136000 elements; it had a maximum skewness of 0.53 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 
2994 and a Dean number of 1277.  The velocity plots were given a recirculation rating of 2.  The 
average velocity observed was 1.45 m/s, and the maximum velocity observed was 2.88 m/s. 
Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 1874 
and a Dean number of 799.  The velocity plots were given a recirculation rating of 1.  The 
average velocity observed was 0.57 m/s, and the maximum velocity observed was 1.12 m/s. 
Figure 3-65 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 15 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
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a)  
b)   
Figure 3-65: Design 2 Point 15, Fully Developed Flow: a) HVAD; b) HMII 
Plug flow at the inlet of the HVAD graft produced a Reynolds number of 2968 and a 
Dean number of 1266.  The velocity plots were given a recirculation rating of 1.  The average 
velocity observed was 1.43 m/s, and the maximum velocity observed was 2.27 m/s. 
Plug flow at the inlet of the HMII graft produced a Reynolds number of 1855 and a Dean 
number of 791.  The velocity plots were given a recirculation rating of 0.  The average velocity 
observed was 0.56 m/s, and the maximum velocity observed was 0.9 m/s. 
Figure 3-66 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 15 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
  
110 
 
a)   
b)   
Figure 3-66: Design 2 Point 15, Plug Flow: a) HVAD; b) HMII 
Design point 16 of Design 2 had a flowrate of 7.86 L/min, and outlet pressure of 76.07 
mmHg, a bend angle of 48.21, a radius of curvature of 3.625 times the graft diameter, a blood 
viscosity of 3.31 cP, and a blood density of 1028.93 kg m
3
.  The generated mesh contained 
128500 elements; it had a maximum skewness of 0.46 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 
5283 and a Dean number of 2531.  The velocity plots were given a recirculation rating of 7.  The 
average velocity observed was 1.7 m/s, and the maximum velocity observed was 3.37 m/s. 
Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 3312 
and a Dean number of 1587.  The velocity plots were given a recirculation rating of 8.  The 
average velocity observed was 0.67 m/s, and the maximum velocity observed was 1.31 m/s. 
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Figure 3-67 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 16 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
a)  
b)   
Figure 3-67: Design 2 Point 16, Fully Developed Flow: a) HVAD; b) HMII 
Plug flow at the inlet of the HVAD graft produced a Reynolds number of 5206 and a 
Dean number of 2494.  The velocity plots were given a recirculation rating of 8.  The average 
velocity observed was 1.68 m/s, and the maximum velocity observed was 2.54 m/s. 
Plug flow at the inlet of the HMII graft produced a Reynolds number of 3251 and a Dean 
number of 1558.  The velocity plots were given a recirculation rating of 3.  The average velocity 
observed was 0.65 m/s, and the maximum velocity observed was 0.99 m/s. 
  
112 
 
Figure 3-68 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 16 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
a)   
b)   
Figure 3-68: Design 2 Point 16, Plug Flow: a) HVAD; b) HMII 
Design point 17 of Design 2 had a flowrate of 9 L/min, and outlet pressure of 126.07 
mmHg, a bend angle of 71.79, a radius of curvature of 1.875 times the graft diameter, a blood 
viscosity of 3.06 cP, and a blood density of 1061.07 kg m
3
.  The generated mesh contained 
137500 elements; it had a maximum skewness of 0.47 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 
6725 and a Dean number of 2986.  The velocity plots were given a recirculation rating of 3.  The 
average velocity observed was 1.94 m/s, and the maximum velocity observed was 3.86 m/s. 
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Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 4214 
and a Dean number of 1871.  The velocity plots were given a recirculation rating of 4.  The 
average velocity observed was 0.76 m/s, and the maximum velocity observed was 1.5 m/s. 
Figure 3-69 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 17 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
a)  
b)  
Figure 3-69: Design 2 Point 17, Fully Developed Flow: a) HVAD; b) HMII 
Plug flow at the inlet of the HVAD graft produced a Reynolds number of 6654 and a 
Dean number of 2955.  The velocity plots were given a recirculation rating of 7.  The average 
velocity observed was 1.92 m/s, and the maximum velocity observed was 2.85 m/s. 
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Plug flow at the inlet of the HMII graft produced a Reynolds number of 4158 and a Dean 
number of 1846.  The velocity plots were given a recirculation rating of 5.  The average velocity 
observed was 0.75 m/s, and the maximum velocity observed was 1.12 m/s. 
Figure 3-70 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 17 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
a)  
b)   
Figure 3-70: Design 2 Point 17, Plug Flow: a) HVAD; b) HMII 
Design point 18 of Design 2 had a flowrate of 7.29 L/min, and outlet pressure of 101.07 
mmHg, a bend angle of 33.21, a radius of curvature of 6.125 times the graft diameter, a blood 
viscosity of 4.69 cP, and a blood density of 1086.07 kg m
3
.  The generated mesh contained 
125000 elements; it had a maximum skewness of 0.47 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
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Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 
3641 and a Dean number of 1495.  The velocity plots were given a recirculation rating of 8.5.  
The average velocity observed was 1.57 m/s, and the maximum velocity observed was 3.13 m/s. 
Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 2279 
and a Dean number of 936.  The velocity plots were given a recirculation rating of 6.5.  The 
average velocity observed was 0.61 m/s, and the maximum velocity observed was 1.22 m/s. 
Figure 3-71 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 18 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
a)  
b)   
Figure 3-71: Design 2 Point 18, Fully Developed Flow: a) HVAD; b) HMII 
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Plug flow at the inlet of the HVAD graft produced a Reynolds number of 3599 and a 
Dean number of 1478.  The velocity plots were given a recirculation rating of 0.  The average 
velocity observed was 1.55 m/s, and the maximum velocity observed was 2.39 m/s.   
Plug flow at the inlet of the HMII graft produced a Reynolds number of 2247 and a Dean 
number of 923.  The velocity plots were given a recirculation rating of 0.  The average velocity 
observed was 0.61 m/s, and the maximum velocity observed was 0.93 m/s. 
Figure 3-72 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 18 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
a)  
b)   
Figure 3-72: Design 2 Point 18, Plug Flow: a) HVAD; b) HMII 
Design point 19 of Design 2 had a flowrate of 4.43 L/min, and outlet pressure of 136.79 
mmHg, a bend angle of 54.64, a radius of curvature of 7.625 times the graft diameter, a blood 
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viscosity of 6.44 cP, and a blood density of 1039.64 kg m
3
.  The generated mesh contained 
126000 elements; it had a maximum skewness of 0.5 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 
1544 and a Dean number of 861.  The velocity plots were given a recirculation rating of 10.  The 
average velocity observed was 0.96 m/s, and the maximum velocity observed was 1.9 m/s. 
Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 966 
and a Dean number of 539.  The velocity plots were given a recirculation rating of 5.  The 
average velocity observed was 0.37 m/s, and the maximum velocity observed was 0.75 m/s. 
Figure 3-73 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 19 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
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a)  
b)   
Figure 3-73: Design 2 Point 19, Fully Developed Flow: a) HVAD; b) HMII 
Plug flow at the inlet of the HVAD graft produced a Reynolds number of 1526 and a 
Dean number of 851.  The velocity plots were given a recirculation rating of 2.  The average 
velocity observed was 0.94 m/s, and the maximum velocity observed was 1.64 m/s. 
Plug flow at the inlet of the HMII graft produced a Reynolds number of 953 and a Dean 
number of 532.  The velocity plots were given a recirculation rating of 1.  The average velocity 
observed was 0.37 m/s, and the maximum velocity observed was 0.64 m/s. 
Figure 3-74 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 19 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
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Figure 3-74: Design 2 Point 19, Plug Flow: a) HVAD; b) HMII 
Design point 20 of Design 2 had a flowrate of 2.71 L/min, and outlet pressure of 86.79 
mmHg, a bend angle of 63.21, a radius of curvature of 1.625 times the graft diameter, a blood 
viscosity of 3.19 cP, and a blood density of 1103.93 kg m
3
.  The generated mesh contained 
131500 elements; it had a maximum skewness of 0.52 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 
2026 and a Dean number of 987.  The velocity plots were given a recirculation rating of 3.  The 
average velocity observed was 0.59 m/s, and the maximum velocity observed was 1.16 m/s. 
Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 1269 
and a Dean number of 618.  The velocity plots were given a recirculation rating of 4.  The 
average velocity observed was 0.23 m/s, and the maximum velocity observed was 0.45 m/s. 
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Figure 3-75 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 20 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
a)  
b)   
Figure 3-75: Design 2 Point 20, Fully Developed Flow: a) HVAD; b) HMII 
Plug flow at the inlet of the HVAD graft produced a Reynolds number of 2006 and a 
Dean number of 977.  The velocity plots were given a recirculation rating of 2.  The average 
velocity observed was 0.58 m/s, and the maximum velocity observed was 0.96 m/s. 
Plug flow at the inlet of the HMII graft produced a Reynolds number of 1253 and a Dean 
number of 611.  The velocity plots were given a recirculation rating of 0.  The average velocity 
observed was 0.23 m/s, and the maximum velocity observed was 0.38 m/s. 
  
121 
 
Figure 3-76 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 20 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
a)  
b)   
Figure 3-76: Design 2 Point 20, Plug Flow: a) HVAD; b) HMII 
Design point 21 of Design 2 had a flowrate of 3.57 L/min, and outlet pressure of 61.79 
mmHg, a bend angle of 69.64, a radius of curvature of 2.125 times the graft diameter, a blood 
viscosity of 5.94 cP, and a blood density of 1053.93 kg m
3
.  The generated mesh contained 
132000 elements; it had a maximum skewness of 0.47 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 
1365 and a Dean number of 676.  The velocity plots were given a recirculation rating of 1.  The 
average velocity observed was 0.77 m/s, and the maximum velocity observed was 1.53 m/s. 
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Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 854 
and a Dean number of 423.  The velocity plots were given a recirculation rating of 0.  The 
average velocity observed was 0.3 m/s, and the maximum velocity observed was 0.6 m/s. 
Figure 3-77 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 21 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
a)  
b)   
Figure 3-77: Design 2 Point 21, Fully Developed Flow: a) HVAD; b) HMII 
Plug flow at the inlet of the HVAD graft produced a Reynolds number of 1353 and a 
Dean number of 671.  The velocity plots were given a recirculation rating of 0.  The average 
velocity observed was 0.76 m/s, and the maximum velocity observed was 1.27 m/s. 
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Plug flow at the inlet of the HMII graft produced a Reynolds number of 846 and a Dean 
number of 419.  The velocity plots were given a recirculation rating of 0.  The average velocity 
observed was 0.3 m/s, and the maximum velocity observed was 0.5 m/s. 
Figure 3-78 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 21 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
a)  
b)   
Figure 3-78: Design 2 Point 21, Plug Flow: a) HVAD; b) HMII 
Design point 22 of Design 2 had a flowrate of 6.43 L/min, and outlet pressure of 72.5 
mmHg, a bend angle of 35.36, a radius of curvature of 7.125 times the graft diameter, a blood 
viscosity of 6.31 cP, and a blood density of 1071.79 kg m
3
.  The generated mesh contained 
123000 elements; it had a maximum skewness of 0.45 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
  
124 
 
Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 
2355 and a Dean number of 1210.  The velocity plots were given a recirculation rating of 9.5.  
The average velocity observed was 1.39 m/s, and the maximum velocity observed was 2.76 m/s. 
Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 1473 
and a Dean number of 757.  The velocity plots were given a recirculation rating of 6.5.  The 
average velocity observed was 0.54 m/s, and the maximum velocity observed was 1.07 m/s. 
Figure 3-79 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 22 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
a)  
b)   
Figure 3-79: Design 2 Point 22, Fully Developed Flow: a) HVAD; b) HMII 
  
125 
 
Plug flow at the inlet of the HVAD graft produced a Reynolds number of 2327 and a 
Dean number of 1196.  The velocity plots were given a recirculation rating of 1.  The average 
velocity observed was 1.37 m/s, and the maximum velocity observed was 2.26 m/s. 
Plug flow at the inlet of the HMII graft produced a Reynolds number of 1452 and a Dean 
number of 747.  The velocity plots were given a recirculation rating of 0.  The average velocity 
observed was 0.53 m/s, and the maximum velocity observed was 0.88 m/s. 
Figure 3-80 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 22 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
a)   
b)   
Figure 3-80: Design 2 Point 22, Plug Flow: a) HVAD; b) HMII 
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Design point 23 of Design 2 had a flowrate of 9.86 L/min, and outlet pressure of 68.93 
mmHg, a bend angle of 52.5, a radius of curvature of 2.375 times the graft diameter, a blood 
viscosity of 4.56 cP, and a blood density of 1093.21 kg m
3
.  The generated mesh contained 
127500 elements; it had a maximum skewness of 0.46 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 
5120 and a Dean number of 2682.  The velocity plots were given a recirculation rating of 8.  The 
average velocity observed was 2.14 m/s, and the maximum velocity observed was 4.23 m/s. 
Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 3211 
and a Dean number of 1683.  The velocity plots were given a recirculation rating of 8.  The 
average velocity observed was 0.84 m/s, and the maximum velocity observed was 1.65 m/s. 
Figure 3-81 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 23 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
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a)  
b)   
Figure 3-81: Design 2 Point 23, Fully Developed Flow: a) HVAD; b) HMII 
Plug flow at the inlet of the HVAD graft produced a Reynolds number of 5039 and a 
Dean number of 2640.  The velocity plots were given a recirculation rating of 8.  The average 
velocity observed was 2.1 m/s, and the maximum velocity observed was 3.25 m/s. 
Plug flow at the inlet of the HMII graft produced a Reynolds number of 3147 and a Dean 
number of 1649.  The velocity plots were given a recirculation rating of 5.5.  The average 
velocity observed was 0.82 m/s, and the maximum velocity observed was 1.27 m/s. 
Figure 3-82 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 23 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
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a)  
b)   
Figure 3-82: Design 2 Point 23, Plug Flow: a) HVAD; b) HMII 
Design point 24 of Design 2 had a flowrate of 3.86 L/min, and outlet pressure of 147.5 
mmHg, a bend angle of 76.07, a radius of curvature of 3.125 times the graft diameter, a blood 
viscosity of 3.81 cP, and a blood density of 1096.79 kg m
3
.  The generated mesh contained 
130500 elements; it had a maximum skewness of 0.55 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 
2400 and a Dean number of 1476.  The velocity plots were given a recirculation rating of 8.  The 
average velocity observed was 0.83 m/s, and the maximum velocity observed was 1.67 m/s. 
Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 1505 
and a Dean number of 926.  The velocity plots were given a recirculation rating of 8.5.  The 
average velocity observed was 0.33 m/s, and the maximum velocity observed was 0.65 m/s. 
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Figure 3-83 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 24 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
a)  
b)   
Figure 3-83: Design 2 Point 24, Fully Developed Flow: a) HVAD; b) HMII 
Plug flow at the inlet of the HVAD graft produced a Reynolds number of 2369 and a 
Dean number of 1457.  The velocity plots were given a recirculation rating of 8.  The average 
velocity observed was 0.82 m/s, and the maximum velocity observed was 1.4 m/s. 
Plug flow at the inlet of the HMII graft produced a Reynolds number of 1480 and a Dean 
number of 911.  The velocity plots were given a recirculation rating of 5.  The average velocity 
observed was 0.32 m/s, and the maximum velocity observed was 0.55 m/s. 
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Figure 3-84 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 24 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
a)  
b)   
Figure 3-84: Design 2 Point 24, Plug Flow: a) HVAD; b) HMII 
Design point 25 of Design 2 had a flowrate of 9.29 L/min, and outlet pressure of 151.07 
mmHg, a bend angle of 65.36, a radius of curvature of 5.375 times the graft diameter, a blood 
viscosity of 4.19 cP, and a blood density of 1078.93 kg m
3
.  The generated mesh contained 
128000 elements; it had a maximum skewness of 0.52 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 
5192 and a Dean number of 3111.  The velocity plots were given a recirculation rating of 7.  The 
average velocity observed was 2.02 m/s, and the maximum velocity observed was 4.01 m/s. 
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Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 3260 
and a Dean number of 1953.  The velocity plots were given a recirculation rating of 7.5.  The 
average velocity observed was 0.79 m/s, and the maximum velocity observed was 1.57 m/s. 
Figure 3-85 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 25 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
a)  
b)   
Figure 3-85: Design 2 Point 25, Fully Developed Flow: a) HVAD; b) HMII 
Plug flow at the inlet of the HVAD graft produced a Reynolds number of 5107 and a 
Dean number of 3060.  The velocity plots were given a recirculation rating of 8.  The average 
velocity observed was 1.98 m/s, and the maximum velocity observed was 3.15 m/s. 
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Plug flow at the inlet of the HMII graft produced a Reynolds number of 3190 and a Dean 
number of 1912.  The velocity plots were given a recirculation rating of 5.5.  The average 
velocity observed was 0.77 m/s, and the maximum velocity observed was 1.23 m/s. 
Figure 3-86 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 25 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
a)  
b)  
Figure 3-86: Design 2 Point 25, Plug Flow: a) HVAD; b) HMII 
Design point 26 of Design 2 had a flowrate of 4.71 L/min, and outlet pressure of 129.64 
mmHg, a bend angle of 61.07, a radius of curvature of 8.875 times the graft diameter, a blood 
viscosity of 3.44 cP, and a blood density of 1021.79 kg m
3
.  The generated mesh contained 
126500 elements; it had a maximum skewness of 0.51 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
  
133 
 
Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 
3034 and a Dean number of 1731.  The velocity plots were given a recirculation rating of 9.  The 
average velocity observed was 1.02 m/s, and the maximum velocity observed was 2.03 m/s. 
Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 1902 
and a Dean number of 1085.  The velocity plots were given a recirculation rating of 9.  The 
average velocity observed was 0.4 m/s, and the maximum velocity observed was 0.79 m/s. 
Figure 3-87 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 26 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
a)  
b)   
Figure 3-87: Design 2 Point 26, Fully Developed Flow: a) HVAD; b) HMII 
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Plug flow at the inlet of the HVAD graft produced a Reynolds number of 2990 and a 
Dean number of 1706.  The velocity plots were given a recirculation rating of 7.5.  The average 
velocity observed was 1.01 m/s, and the maximum velocity observed was 1.66 m/s. 
Plug flow at the inlet of the HMII graft produced a Reynolds number of 1868 and a Dean 
number of 1066.  The velocity plots were given a recirculation rating of 4.5.  The average 
velocity observed was 0.39 m/s, and the maximum velocity observed was 0.65 m/s. 
Figure 3-88 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 26 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
a)   
b)   
Figure 3-88: Design 2 Point 26, Plug Flow: a) HVAD; b) HMII 
Design point 27 of Design 2 had a flowrate of 8.43 L/min, and outlet pressure of 108.21 
mmHg, a bend angle of 46.07, a radius of curvature of 7.875 times the graft diameter, a blood 
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viscosity of 5.06 cP, and a blood density of 1032.5 kg m
3
.  The generated mesh contained 
124000 elements; it had a maximum skewness of 0.46 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 
3731 and a Dean number of 2593.  The velocity plots were given a recirculation rating of 8.  The 
average velocity observed was 1.83 m/s, and the maximum velocity observed was 3.7 m/s. 
Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 2341 
and a Dean number of 1627.  The velocity plots were given a recirculation rating of 7.5.  The 
average velocity observed was 0.72 m/s, and the maximum velocity observed was 1.44 m/s. 
Figure 3-89 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 27 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
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a)  
b)   
Figure 3-89: Design 2 Point 27, Fully Developed Flow: a) HVAD; b) HMII 
Plug flow at the inlet of the HVAD graft produced a Reynolds number of 3668 and a 
Dean number of 2549.  The velocity plots were given a recirculation rating of 7.5.  The average 
velocity observed was 1.8 m/s, and the maximum velocity observed was 2.98 m/s. 
Plug flow at the inlet of the HMII graft produced a Reynolds number of 2289 and a Dean 
number of 1591.  The velocity plots were given a recirculation rating of 5.  The average velocity 
observed was 0.7 m/s, and the maximum velocity observed was 1.16 m/s. 
Figure 3-90 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 27 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
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a)  
b)  
Figure 3-90: Design 2 Point 27, Plug Flow: a) HVAD; b) HMII 
Design point 28 of Design 2 had a flowrate of 5.57 L/min, and outlet pressure of 122.5 
mmHg, a bend angle of 86.79, a radius of curvature of 2.625 times the graft diameter, a blood 
viscosity of 5.81 cP, and a blood density of 1114.64 kg m
3
.  The generated mesh contained 
135000 elements; it had a maximum skewness of 0.58 and an average skewness of 0.10 with a 
standard deviation of 0.07. 
Fully developed flow at the inlet of the HVAD graft produced a Reynolds number of 
2304 and a Dean number of 1231.  The velocity plots were given a recirculation rating of 1.  The 
average velocity observed was 1.2 m/s, and the maximum velocity observed was 2.39 m/s. 
Fully developed flow at the inlet of the HMII graft produced a Reynolds number of 1443 
and a Dean number of 771.  The velocity plots were given a recirculation rating of 0.  The 
average velocity observed was 0.47 m/s, and the maximum velocity observed was 0.93 m/s. 
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Figure 3-91 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 28 with fully developed flow at the inlet, as calculated for the HVAD and the 
HMII diameters. 
a)  
b)   
Figure 3-91: Design 2 Point 28, Fully Developed Flow: a) HVAD; b) HMII 
Plug flow at the inlet of the HVAD graft produced a Reynolds number of 2281 and a 
Dean number of 1220.  The velocity plots were given a recirculation rating of 7.  The average 
velocity observed was 1.19 m/s, and the maximum velocity observed was 1.96 m/s. 
Plug flow at the inlet of the HMII graft produced a Reynolds number of 1426 and a Dean 
number of 762.  The velocity plots were given a recirculation rating of 1.  The average velocity 
observed was 0.46 m/s, and the maximum velocity observed was 0.77 m/s. 
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Figure 3-92 below shows a plot of the velocity vectors against a contour plot of velocity 
for design point 28 with plug flow at the inlet, as calculated for the HVAD and the HMII 
diameters. 
a)  
b)   
Figure 3-92: Design 2 Point 28, Plug Flow: a) HVAD; b) HMII 
3.3 Fully Developed Flow Trends 
3.3.1 Regressions, Design 1, Fully Developed Flow 
Linear regression analysis preformed on the results of Design 1 for fully developed flow 
indicate that flowrate and the radius of curvature were the strongest factors in determining the 
occurrence of recirculation, as seen in Table 3-1.  Higher rates of flow and lower radii of 
curvature increased the likelihood of recirculation. The effect of viscosity on the prominence of 
recirculation was also noteworthy, with higher viscosities protective against recirculation. 
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Table 3-1: Linear Regression of Design 1 with all Input Variables, Developed Flow 
 Fully Developed 
Flow 
Coefficients 
Fully Developed 
Flow 
Standardized 
Coefficients 
Intercept 7.356 -6.266E-16 
Flowrate (L/min) 0.552 0.456 
Outlet Pressure (mm 
Hg) 
0.013 -0.135 
Bend Angle (Deg) 0.018 -0.149 
Radius Curvature (Ø) 0.567 -0.527 
Diameter (mm) 0.111 -0.069 
Viscosity (cP) 0.996 -0.360 
Density (kg m^-3) 0.003 0.032 
R Square 0.683 0.683 
Adjusted R Square 0.603 0.603 
 
An alternate linear regression analysis of Design 1 for fully developed flow used the 
Dean number and found it to be predictive of recirculation, see Table 3-2.  Higher Dean numbers 
resulted in higher recirculation ratings.  
Table 3-2: Linear Regression of Design 1 with Dean Number, Developed Flow 
 Fully Developed 
Flow 
Coefficients 
Fully Developed 
Flow 
Standardized 
Coefficients 
Intercept 1.059 2.184E-16 
Outlet Pressure (mm 
Hg) 
-0.011 -0.110 
Bend Angle (Deg) -0.021 -0.174 
Dean Number 0.004 0.806 
R Square 0.700 0.700 
Adjusted R Square 0.672 0.672 
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3.3.2 Regressions, Design 2, Fully Developed Flow 
Linear regression analysis of Design 2 for fully developed flow indicated that at low radii of 
curvature the effect of bend angle became important.  Notably, the coefficients in Table 3-3 
appear to suggest that, at the lower diameter of the HVAD, bend angle became more influential, 
while flowrate and viscosity became less significant.  
Table 3-3: Linear Regression of Design 2 with all Input Variables, Developed Flow 
 HVAD 
Coefficients 
HVAD 
Standardized 
Coefficients 
HMII 
Coefficients 
HMII 
Standardized 
Coefficients 
Intercept 25.958 2.478E-16 21.534 3.087E-16 
Flowrate (L/min) 0.053 0.039 0.513 0.394 
Outlet Pressure (mm 
Hg) 
0.012 0.112 0.009 0.083 
Bend Angle (Deg) -0.127 -0.699 -0.088 -0.504 
Radius Curvature (Ø) -2.837 -0.522 -2.758 -0.529 
Viscosity (cP) -0.153 -0.049 -1.254 -0.421 
Density (kg m^-3) -0.008 -0.070 -0.004 -0.038 
R Square 0.766 0.766 0.799 0.799 
Adjusted R Square 0.699 0.699 0.741 0.741 
 
An alternate linear regression analysis of Design 2 found Dean number to be less 
predictive of recirculation than for Design 1, see Table 3-4.  Bend angle was more predictive of 
recirculation for Design 2 than it was for Design 1.  This was especially true at the smaller 
HVAD diameter. 
Table 3-4: Linear Regression of Design 2 with Dean Number, Developed Flow 
 HVAD 
Coefficients 
HVAD 
Standardized 
Coefficients 
HMII  
Coefficients 
HMII 
Standardized 
Coefficients 
Intercept 10.537 -5.232E-16 4.780 -6.725E-16 
Outlet Pressure (mm 
Hg) 
0.012 0.111 0.009 0.090 
Bend Angle (Deg) -0.127 -0.698 -0.086 -0.493 
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Dean Number 0.001 0.180 0.004 0.603 
R Square 0.522 0.522 0.599 0.599 
Adjusted R Square 0.463 0.463 0.548 0.548 
 
3.3.3 Graphs, Fully Developed Flow 
Dean number was a good indicator of the recirculation rating for Design 1 and Design 2 
HMII as can be seen in Figure 3-93.  This relationship was more ambiguous for Design 2 HVAD 
however, suggesting that at more extreme radii of curvature and smaller diameters other factors 
dominate. 
  
Figure 3-93: Recirculation Rating vs Dean Number; Fully Developed Flow. 
Reynolds number was less predictive of the recirculation rating than Dean number.  
However a positive relationship was still seen, particularly for Design 1 and Design 2 HMII.  
Refer to Figure 3-94. 
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Figure 3-94: Recirculation Rating vs Reynolds Number; Fully Developed Flow. 
Decreasing radius of curvature had a strong effect on recirculation rating, as can be seen 
in Figure 3-95.  Almost all design points for Design 2 HVAD had a non-zero recirculation rating, 
suggesting that the lower diameter increased the risk of recirculation.   
  
Figure 3-95: Recirculation Rating vs Radius of Curvature; Fully Developed Flow. 
Recirculation rating increased with flowrate for Design 1 and Design 2 HMII.  This effect 
was less clear for Design 2 HVAD.  See Figure 3-96. 
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Figure 3-96: Recirculation Rating vs Flowrate; Fully Developed Flow. 
Recirculation rating decreased with increasing bend angle for fully developed flow.  This 
relationship was strongest for Design 2 HVAD.  Careful examination of Figure 3-97 suggests 
that there may be a parabolic relationship between bend angle and recirculation rating for Design 
1. 
  
Figure 3-97: Recirculation Rating vs Bend Angle; Fully Developed Flow. 
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As can be seen in Figure 3-98 increasing diameter did appear to have a mildly depressive 
effect on recirculation rating at low radii of curvature (Design 2).  However, the effect of 
diameter is less clear for Design 1.  
  
Figure 3-98: Recirculation Rating vs Diameter; Fully Developed Flow. 
Recirculation rating decreased as viscosity increased for Design 1, this can be seen in 
Figure 3-99.  This relationship was not readily visible for Design 2.  
  
Figure 3-99: Recirculation Rating vs Viscosity; Fully Developed Flow. 
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Density did not have a noticeable effect on recirculation rating for fully developed flow, 
see Figure 3-100. 
  
Figure 3-100: Recirculation Rating vs Density; Fully Developed Flow. 
Outlet pressure did not have a noticeable effect on recirculation rating for fully developed 
flow, see Figure 3-101. 
  
Figure 3-101: Recirculation Rating vs Pressure; Fully Developed Flow. 
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3.4 Plug Flow Trends 
3.4.1 Regressions, Design 1, Plug Flow 
Linear regression analysis for Design 1 with plug flow indicated that flowrate, radius of 
curvature, and bend angle were influential in predicting the recirculation rating.  The 
recirculation rating increased with increasing bend angle.  Viscosity did not have a significant 
effect for Design 1 with plug flow.  See Table 3-5. 
Table 3-5: Linear Regression of Design 1 with all Input Variables, Plug Flow 
 Plug Flow 
Coefficients 
Plug Flow 
Standardized 
Coefficients 
Intercept 3.795 -3.419E-16 
Flowrate (L/min) 0.216 0.249 
Outlet Pressure (mm 
Hg) 
-0.006 -0.081 
Bend Angle (Deg) 0.018 0.211 
Radius Curvature (Ø) -0.398 -0.515 
Diameter (mm) -0.105 -0.091 
Viscosity (cP) -0.167 -0.084 
Density (kg m^-3) 0.000 -0.005 
R Square 0.383 0.383 
Adjusted R Square 0.229 0.229 
 
An alternative linear regression using the Dean number showed that it was predictive of the 
recirculation rating for Design 1 with plug flow.  See Table 3-6. 
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Table 3-6: Linear Regression of Design 1 with Dean Number, Plug Flow 
 Plug Flow 
Coefficients 
Plug Flow 
Standardized 
Coefficients 
Intercept -1.885 -5.139E-16 
Outlet Pressure (mm 
Hg) 
-0.004 -0.057 
Bend Angle (Deg) 0.016 0.187 
Dean Number 0.003 0.682 
R Square 0.507 0.507 
Adjusted R Square 0.461 0.461 
 
3.4.2 Regressions, Design 2, Plug Flow 
Linear regression analysis of the results for Design 2 with plug flow indicated that 
flowrate, bend angle, radius of curvature, and viscosity were influential in predicting the 
recirculation rating.  Notably, radius of curvature was the most influential factor in predicting 
recirculation.  See Table 3-7. 
Table 3-7: Linear Regression of Design 2 with all Input Variables, Plug Flow 
 HVAD 
Coefficients 
HVAD 
Standardized 
Coefficients 
HMII  
Coefficients 
HMII 
Standardized 
Coefficients 
Intercept 4.317 7.457E-16 16.605 1.019E-15 
Flowrate (L/min) 0.790 0.522 0.478 0.435 
Outlet Pressure (mm 
Hg) 
-0.006 -0.049 -0.008 -0.089 
Bend Angle (Deg) 0.050 0.250 0.030 0.206 
Radius Curvature (Ø) -4.177 -0.689 -3.043 -0.693 
Viscosity (cP) -1.181 -0.341 -0.981 -0.391 
Density (kg m^-3) 0.006 0.053 -0.007 -0.080 
R Square 0.877 0.877 0.826 0.826 
Adjusted R Square 0.842 0.842 0.776 0.776 
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 An alternate linear regression analysis using Dean number produced a lower adjusted R 
square than a linear regression analysis using all the input variables.  Nevertheless, the linear 
regression coefficient found for Design 2 was larger in magnitude than that found for Design 1.  
See Table 3-8. 
Table 3-8: Linear Regression of Design 2 with Dean Number, Plug Flow 
 HVAD 
Coefficients 
HVAD 
Standardized 
Coefficients 
HMII 
Coefficients 
HMII 
Standardized 
Coefficients 
Intercept -3.980 6.460E-16 -2.879 -4.582E-17 
Outlet Pressure (mm 
Hg) 
-0.005 -0.040 -0.007 -0.083 
Bend Angle (Deg) 0.052 0.259 0.031 0.212 
Dean Number 0.004 0.747 0.004 0.724 
R Square 0.636 0.636 0.584 0.584 
Adjusted R Square 0.590 0.590 0.532 0.532 
 
3.4.3 Graphs, Plug Flow 
Dean number was a good indicator of the recirculation rating for Design 2 with plug 
flow, as can be seen in Figure 3-102.  Very few design points for Design 1 experienced 
recirculation, so it is harder to confirm a strong relationship. 
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Figure 3-102: Recirculation Rating vs Dean; Plug Flow. 
Reynolds number was less predictive of the recirculation rating than Dean number.  
However a positive relationship was still seen, particularly for Design 2.  Again, as few design 
points from Design 1 experienced recirculation, it is harder to draw conclusions from that design.  
Refer to Figure 3-103. 
  
Figure 3-103: Recirculation Rating vs Reynolds Number; Plug Flow. 
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The radius of curvature was the single most influential factor in determining the 
recirculation rating of designs with plug flow.  No design point with a radius of curvature greater 
than three graft diameters (3Ø) experienced recirculation.  See Figure 3-104. 
  
Figure 3-104: Recirculation Rating vs Radius of Curvature; Plug Flow. 
Flow rate had a positive relationship with recirculation rating for Design 2 with plug 
flow.  Again, because few design points from Design 1 with plug flow experienced recirculation 
this relationship is not as firm.  See Figure 3-105. 
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Figure 3-105: Recirculation Rating vs Flow Rate; Plug Flow. 
Bend angle had a positive relationship with recirculation rating for plug flow, this was 
particularly true for Design 2.  This appears to occur for Design 1 with plug flow as well, 
however too few design points experienced recirculation to draw firm conclusions.  See Figure 
3-106. 
  
Figure 3-106: Recirculation Rating vs Bend Angle; Plug Flow. 
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It appears that recirculation rating generally decreases with increasing diameter.  This can 
be seen by comparing the recirculation ratings from the Design 2 results for the HVAD to those 
for the HMII.  See Figure 3-107. 
  
Figure 3-107: Recirculation Rating vs Diameter; Plug Flow. 
Recirculation rating may decrease slightly with increasing viscosity for plug flow.  
However, this effect is not visually obvious and other factors are likely to be more influential.  
See Figure 3-108. 
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Figure 3-108: Recirculation Rating vs Viscosity; Plug Flow. 
Density did not have a noticeable effect on recirculation rating for plug flow, see Figure 
3-109. 
  
Figure 3-109: Recirculation Rating vs Density; Plug Flow. 
Outlet pressure did not have a noticeable effect on recirculation rating for plug flow, see 
Figure 3-110. 
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Figure 3-110: Recirculation Rating vs Pressure; Plug Flow. 
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4 DISCUSSION 
 
 
 
Areas of stagnation or recirculation, if present, occurred along the inner wall of the curve, 
either within or downstream of the bend.  Fully developed inlet flow induced adverse flow 
patterns further upstream than plug inlet flow; stagnation and recirculation were more likely to 
occur in the bend.  Plug inlet flow was more likely to produce these adverse flow patterns 
downstream of the bend. 
The results from Design 1 make it apparent that plug flow at the inlet is protective against 
stagnation and recirculation.  The shift in momentum to the outer wall of the bend that was 
observed with fully developed flow was much more prone to producing recirculation than the 
flow patterns observed with plug flow.  Likewise, the peak velocities observed for plug flow are 
lower than those observed for fully developed flow.   
The results from Design 2 indicated that the smaller graft diameter used by the HVAD 
was more prone to producing adverse flow patterns (stagnation and recirculation) than the larger 
diameter used by the HMII.   
Radius of curvature was the most significant factor in predicting recirculation and 
stagnation.  Flowrate, bend angle, viscosity, and diameter also had potentially important effects.  
Generally, geometric variables such as bend angle and diameter appeared to be more influential 
at low radii of curvature. 
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The effect of viscosity, while relatively weak, was not insignificant.  Higher blood 
viscosities were found to be protective against adverse flow patterns in the outflow graft.  
However, previous work has found that higher blood viscosities are a risk factor for cardiac 
events in general.  Increased blood viscosity would be expected to increase wall shear stress, 
which may be more significant to pump thrombosis than the small effect on flow patterns 
observed in this study.   
Overall, higher Dean numbers were predictive of stagnation and recirculation, though this 
relationship was strongest for fully developed flow.  Except at the most extreme geometries 
(including low radii of curvature), Dean numbers below roughly 600 were less likely to develop 
adverse flow patterns. 
Neither outlet pressure, nor blood density was found to influence adverse flow patterns 
significantly. 
4.1 Fully Developed Flow 
Fully developed flow was more prone to adverse flow patterns and the development of 
those patterns was more sensitive to Dean number.  Although Dean number was less influential 
at lower radii of curvature, almost all design points with Dean numbers above roughly 900 
experienced stagnation or recirculation.  As flowrate increased so did the recirculation rating, 
and as viscosity increased the recirculation rating decreased.  These effects are consistent with 
the equation for Dean number.  However, it should be noted that the effect of viscosity is not as 
strong as that of flowrate. 
Adverse flow patterns became increasingly more significant as the radius of curvature 
decreased.  It appeared that at higher radii of curvature, bend angle had a parabolic effect on the 
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recirculation rating.  Bend angles closer to 10 degrees and bend angles closer to 90 degrees had 
lower recirculation ratings, while bend angles around 50 degrees had worse recirculation ratings.  
Surprisingly, the results of Design 2 revealed that higher bend angles had a protective effect at 
lower radii of curvature.  The effects of bend angle and diameter were more prominent for design 
2 (lower radii of curvature). 
4.2 Plug Flow 
Plug flow was very protective against adverse flow patterns.  Even high Dean numbers 
did not necessarily produce recirculation or stagnation unless the radius of curvature was also 
low.  Nevertheless, recirculation rating did increase with Dean number.  Recirculation rating 
increased with flowrate and decreased with increasing viscosity.  Again, the effect of viscosity 
was weak compared to that of flowrate.  Higher flowrates were more tolerable for plug flow than 
for fully developed flow.  
A small radius of curvature was required to trigger adverse events.  No recirculation or 
stagnation was observed for radii of curvature 3 times the graft diameter or larger.  The larger 
diameter HMII was more tolerant of small radii of curvature (less than 3 times its diameter) than 
the HVAD. 
In contrast to fully developed flow, recirculation rating increased with bend angle.  Bend 
angles above 30 degrees appeared likely to exacerbate adverse flow patterns, which agreed with 
the results of Manning and Miller.  However, the effect of bend angle is less important than the 
effects of flowrate and radius of curvature.   
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4.3 Errors 
Human error in rating the velocity plots for stagnation and recirculation is the most likely 
source of error in this study.  Bias in judging the relative size and strength of recirculation likely 
occurred.  The relative risk of thrombogenesis for flow patterns that were rated “2” may not be 
clearly worse than for flow patterns that were rated “1”.  However, flow patterns rated “9” can be 
confidently judged to be worse than flow patterns rated “2”.  While a quantitative method of 
assessing recirculation and stagnation was sought, the visual approach used was the only method 
that consistently identified the initiation of recirculation and stagnation with 100% accuracy.  
Flow patterns rated “0” can be confidently assumed to be free of stagnation or recirculation 
zones. 
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5 CONCLUSIONS 
 
 
 
This work suggests that certain geometries in the outflow graft of the LVAD may place 
patients at greater risk for thrombosis.  Low radii of curvature are especially problematic.  
Velocity profiles exiting LVADs are expected to more closely resemble plug flow.  Therefore, it 
is likely that bend angles above roughly 30 degrees should be avoided, and bend angles above 40 
degrees are especially problematic. 
Higher LVAD flowrates are expected to be more dangerous than lower flowrates.  It 
would be unwise to match a low radius of curvature with a high bend angle and a high flow rate 
(greater than roughly 7 L/min).  However, regardless of the flowrate, higher bend angles may not 
be a concern if the radius of curvature is larger than 3 graft diameters.  
When the radius of curvature in the graft is low, it may be possible to predict adverse 
flow patterns based on an estimated pump flowrate and the achieved graft geometry (radius of 
curvature and bend angle) as measured in situ.  Knowledge of the patient’s blood viscosity may 
enhance this prediction.  Even when the curvature of the outflow graft is not clearly problematic, 
Dean number could be useful in predicting which flow settings put a patient most at risk for 
thrombosis due to stagnant or recirculating flow.  
The HMII has an outflow graft with a radius of curvature and bend angle that have been 
identified as problematic in this study.  This may make a small contribution to the higher than 
expected incidence of pump thrombosis noted by the FDA.   
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5.1 Future Work 
This study did not differentiate between stagnation and recirculation zones in the analysis 
of the data.  Recirculation may not pose the same risk that stagnation would.  Understanding of 
the potential risks associated with certain radii of curvature, bend angles and flowrates would be 
improved if this differentiation was made.  Future work could include reanalyzing the data to 
define the effects of geometry and flowrate based on the percentage or the volume of the graft 
that experienced stagnation. 
This study examined a range of graft geometries with inlet flow profiles equivalent to 
either fully developed or plug flow.  The inlet flow profile was found to have a significant effect 
on the risk of thrombogenic flow patterns.  Additional research may examine the effect of 
different velocity profiles at the inlet.  These flow profiles may correspond to developing flow or 
to flow that has been skewed to the inside or outside wall of the graft. 
This study, like that of Manning and Miller, was a steady state analysis.  These 
geometries could be investigated with a transient analysis over a full cardiac cycle.   
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APPENDIX A 
 
 
 
Table A-1: Results for fully developed flow. 
Design  Point Recirc  
Rating 
Reynolds 
Number 
Dean 
Number 
Max 
Velocity 
(m/s) 
Ave 
Velocity 
(m/s) 
Max Strain 
Rate (s
-1
) 
Min Strain 
Rate (s
-1
) 
Ave Strain 
Rate (s
-1
) 
D1 P1 0 1457 507 1.13 0.57 2046.73 1.40 219.21 
D1 P2 2 2393 747 1.60 0.80 1955.55 1.35 353.36 
D1 P3 0 1002 339 0.86 0.43 1845.91 1.61 231.38 
D1 P4 2 3683 959 2.95 1.48 9437.95 3.61 929.13 
D1 P5 0 987 380 0.88 0.44 1584.57 1.66 182.41 
D1 P6 8.5 3271 2180 2.41 1.20 8619.42 16.62 615.93 
D1 P7 4 4237 1263 2.65 1.34 9606.58 12.33 727.36 
D1 P8 2 3555 869 2.99 1.51 9435.79 4.85 775.21 
D1 P9 0 771 321 0.72 0.36 1397.75 1.91 169.85 
D1 P10 0 844 209 0.57 0.28 603.01 0.74 102.24 
D1 P11 0 1739 396 0.96 0.48 1549.84 0.64 196.22 
D1 P12 0 1614 471 0.69 0.35 1311.49 1.08 156.92 
D1 P13 0 1844 426 1.27 0.64 2772.88 4.14 328.26 
D1 P14 9.5 2817 1698 1.33 0.67 5036.14 9.74 325.05 
D1 P15 0 1433 386 0.86 0.43 1255.25 0.90 161.44 
D1 P16 0 1708 634 1.61 0.81 1763.49 9.99 386.41 
D1 P17 1 3147 1625 2.58 1.31 11598.10 7.33 769.25 
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Design  Point Recirc  
Rating 
Reynolds 
Number 
Dean 
Number 
Max 
Velocity 
(m/s) 
Ave 
Velocity 
(m/s) 
Max Strain 
Rate (s
-1
) 
Min Strain 
Rate (s
-1
) 
Ave Strain 
Rate (s
-1
) 
D1 P18 3 2088 596 2.07 1.04 5134.59 13.97 585.92 
D1 P19 3 2360 604 1.51 0.75 3306.96 1.41 389.20 
D1 P20 5 1175 652 0.83 0.42 1524.05 0.90 198.97 
D1 P21 5 1106 537 0.59 0.30 1192.47 1.57 112.58 
D1 P22 4 4965 1315 2.37 1.19 7072.78 2.02 659.16 
D1 P23 8 5186 2380 2.94 1.48 11596.30 14.36 962.05 
D1 P24 0 1151 460 0.62 0.31 1198.88 0.18 133.70 
D1 P25 7 3717 1134 3.39 1.71 8709.39 21.54 1031.74 
D1 P26 0 2295 545 1.66 0.83 2845.15 3.46 320.60 
D1 P27 0 1856 468 0.94 0.47 1561.20 0.56 176.55 
D1 P28 7 3030 1322 1.35 0.68 2205.18 2.85 320.81 
D1 P29 4 3205 1054 1.80 0.91 4845.05 2.10 391.20 
D1 P30 0 1669 376 1.66 0.83 2832.91 1.00 393.17 
D1 P31 3 2488 797 1.30 0.65 1663.80 1.75 270.39 
D1 P32 0 1329 311 1.17 0.59 1911.37 0.77 267.30 
D1 P33 2 2377 854 2.21 1.12 6836.45 4.11 575.23 
D1 P34 2 3072 860 2.24 1.12 5440.34 1.98 516.48 
D1 P35 4 4305 1183 1.68 0.84 5041.91 1.65 358.69 
D1 P36 0 2218 534 1.26 0.63 1393.41 0.82 309.40 
D2: HVAD P1 4 3093 1336 2.63 1.32 10892.80 10.51 833.32 
D2: HVAD P2 4 2786 1762 2.16 1.08 11209.70 9.11 683.06 
D2: HVAD P3 6 1469 662 1.41 0.71 4170.88 6.48 410.64 
D2: HVAD P4 10 899 604 0.94 0.46 2940.64 10.82 261.80 
D2: HVAD P5 6 1315 620 1.29 0.65 3401.45 6.63 371.63 
D2: HVAD P6 9 3442 1879 3.49 1.76 14077.60 22.40 1142.17 
D2: HVAD P7 3 3312 1394 3.00 1.51 12787.20 5.82 905.23 
D2: HVAD P8 2 2538 1160 2.51 1.26 10077.20 10.59 742.78 
D2: HVAD P9 9 2605 1314 1.78 0.89 5362.38 8.92 559.13 
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Design  Point Recirc  
Rating 
Reynolds 
Number 
Dean 
Number 
Max 
Velocity 
(m/s) 
Ave 
Velocity 
(m/s) 
Max Strain 
Rate (s
-1
) 
Min Strain 
Rate (s
-1
) 
Ave Strain 
Rate (s
-1
) 
D2: HVAD P10 3 3307 1932 3.75 1.88 19748.40 13.43 1204.60 
D2: HVAD P11 3 3504 1534 4.11 2.06 18206.90 17.52 1314.31 
D2: HVAD P12 0 1293 537 1.04 0.52 2805.54 1.31 292.27 
D2: HVAD P13 8 3506 2284 2.29 1.15 10193.10 14.07 745.66 
D2: HVAD P14 2 4636 2152 3.25 1.63 16772.10 15.15 1081.29 
D2: HVAD P15 2 2994 1277 2.88 1.45 11734.00 9.91 899.00 
D2: HVAD P16 7 5283 2531 3.37 1.70 17504.60 19.90 1149.83 
D2: HVAD P17 3 6725 2986 3.86 1.94 22312.60 17.19 1392.19 
D2: HVAD P18 8.5 3641 1495 3.13 1.57 11200.80 10.94 1014.04 
D2: HVAD P19 10 1544 861 1.90 0.96 6936.12 6.84 566.28 
D2: HVAD P20 3 2026 987 1.16 0.59 4472.96 6.43 348.00 
D2: HVAD P21 1 1365 676 1.53 0.77 4977.02 6.62 434.69 
D2: HVAD P22 9.5 2355 1210 2.76 1.39 8868.16 10.79 860.51 
D2: HVAD P23 8 5120 2682 4.23 2.14 22955.40 25.97 1440.34 
D2: HVAD P24 8 2400 1476 1.67 0.83 8040.70 5.21 518.98 
D2: HVAD P25 7 5192 3111 4.01 2.02 24565.40 29.45 1373.03 
D2: HVAD P26 9 3034 1731 2.03 1.02 9968.81 9.23 654.43 
D2: HVAD P27 8 3731 2593 3.70 1.83 17449.10 21.12 1195.30 
D2: HVAD P28 1 2304 1231 2.39 1.20 10099.90 8.22 723.03 
D2: HMII P1 5 1936 837 1.03 0.52 2384.07 2.30 205.52 
D2: HMII P2 6 1748 1105 0.84 0.42 2450.71 3.07 169.47 
D2: HMII P3 1 919 414 0.55 0.28 877.48 0.76 100.52 
D2: HMII P4 3 562 378 0.37 0.18 608.70 1.27 64.64 
D2: HMII P5 2 822 388 0.50 0.25 713.12 0.85 90.95 
D2: HMII P6 9 2157 1177 1.35 0.69 3140.64 4.66 291.96 
D2: HMII P7 2 2074 873 1.17 0.59 2712.34 3.26 223.96 
D2: HMII P8 0 1589 726 0.98 0.49 2088.43 3.27 182.59 
D2: HMII P9 7 1629 822 0.69 0.35 1158.26 1.52 139.78 
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Design  Point Recirc  
Rating 
Reynolds 
Number 
Dean 
Number 
Max 
Velocity 
(m/s) 
Ave 
Velocity 
(m/s) 
Max Strain 
Rate (s
-1
) 
Min Strain 
Rate (s
-1
) 
Ave Strain 
Rate (s
-1
) 
D2: HMII P10 3 2074 1212 1.46 0.74 4299.74 6.03 300.68 
D2: HMII P11 4 2194 961 1.60 0.81 3936.19 3.83 326.20 
D2: HMII P12 0 809 336 0.41 0.20 554.90 0.88 71.43 
D2: HMII P13 8 2198 1432 0.89 0.45 2267.51 5.51 196.55 
D2: HMII P14 3 2905 1348 1.27 0.64 3663.91 4.08 267.53 
D2: HMII P15 1 1874 799 1.12 0.57 2466.21 2.45 221.90 
D2: HMII P16 8 3312 1587 1.31 0.67 4008.91 4.27 289.37 
D2: HMII P17 4 4214 1871 1.50 0.76 4999.81 4.61 342.52 
D2: HMII P18 6.5 2279 936 1.22 0.61 2477.00 2.39 250.90 
D2: HMII P19 5 966 539 0.75 0.37 1478.59 1.64 138.58 
D2: HMII P20 4 1269 618 0.45 0.23 950.73 1.48 85.76 
D2: HMII P21 0 854 423 0.60 0.30 1031.11 1.73 107.45 
D2: HMII P22 6.5 1473 757 1.07 0.54 1915.46 2.75 213.41 
D2: HMII P23 8 3211 1683 1.65 0.84 5294.06 7.60 365.47 
D2: HMII P24 8.5 1505 926 0.65 0.33 1761.38 1.91 127.83 
D2: HMII P25 7.5 3260 1953 1.57 0.79 5697.98 11.36 348.46 
D2: HMII P26 9 1902 1085 0.79 0.40 2218.26 4.74 162.41 
D2: HMII P27 7.5 2341 1627 1.44 0.72 3906.66 8.99 313.08 
D2: HMII P28 0 1443 771 0.93 0.47 2109.53 2.92 178.34 
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Table A-2: Results for plug flow. 
Design  Point Recirc 
Rating 
Reynolds 
Number 
Dean 
Number 
Max 
Velocity 
(m/s) 
Ave 
Velocity 
(m/s) 
Max Strain 
Rate (s
-1
) 
Min Strain 
Rate (s
-1
) 
Ave Strain 
Rate (s
-1
) 
D1 P1 0 1447 504 0.94 0.57 3117.51 1.49 196.02 
D1 P2 0 2378 743 1.19 0.79 5148.85 1.78 249.90 
D1 P3 0 996 337 0.73 0.43 2825.27 2.32 211.51 
D1 P4 0 3664 954 2.24 1.47 12644.00 4.20 725.89 
D1 P5 0 980 377 0.73 0.44 2424.69 2.04 163.63 
D1 P6 7 3201 2134 1.91 1.17 11032.10 8.11 445.29 
D1 P7 0 4208 1255 2.05 1.33 11287.60 6.67 584.29 
D1 P8 0 3537 864 1.43 0.91 5974.14 4.70 307.80 
D1 P9 0 766 319 0.61 0.36 2157.22 2.04 158.01 
D1 P10 0 840 208 0.49 0.28 1239.47 1.97 90.09 
D1 P11 0 1732 395 0.81 0.48 2703.73 2.16 175.04 
D1 P12 0 1605 468 0.55 0.35 2104.69 1.27 134.86 
D1 P13 0 1838 424 1.13 0.64 4335.15 2.74 292.12 
D1 P14 7 2762 1665 1.07 0.66 5610.41 4.15 243.34 
D1 P15 0 1426 385 0.71 0.43 2216.40 0.79 145.75 
D1 P16 0 1701 632 1.29 0.81 6025.53 1.93 295.72 
D1 P17 7.5 3114 1608 2.09 1.29 11805.80 2.55 619.24 
D1 P18 0 2074 593 1.66 1.04 7695.93 2.92 487.57 
D1 P19 0 2345 601 1.17 0.75 5273.76 1.80 312.61 
D1 P20 0 1164 645 0.72 0.41 3151.56 0.88 164.01 
D1 P21 0 1093 530 0.50 0.30 1673.05 1.17 96.84 
D1 P22 0 4927 1305 1.69 1.18 9711.79 2.90 460.26 
D1 P23 2.5 5113 2346 2.18 1.46 13876.80 6.59 675.91 
D1 P24 0 1143 457 0.51 0.31 1826.56 1.52 121.75 
D1 P25 0 3686 1124 2.52 1.70 14500.90 5.49 755.43 
D1 P26 0 2284 542 1.31 0.83 4766.73 1.61 275.23 
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Design  Point Recirc 
Rating 
Reynolds 
Number 
Dean 
Number 
Max 
Velocity 
(m/s) 
Ave 
Velocity 
(m/s) 
Max Strain 
Rate (s
-1
) 
Min Strain 
Rate (s
-1
) 
Ave Strain 
Rate (s
-1
) 
D1 P27 0 1847 465 0.79 0.47 2538.60 1.97 154.90 
D1 P28 0 2999 1309 1.00 0.67 5296.83 2.54 216.93 
D1 P29 0 3179 1045 1.38 0.90 6308.37 2.55 318.25 
D1 P30 0 1663 374 1.32 0.83 5144.28 3.17 350.07 
D1 P31 0 2468 791 0.95 0.64 3957.50 2.08 188.05 
D1 P32 0 1325 310 1.05 0.58 3383.99 2.38 244.67 
D1 P33 0 2359 848 1.84 1.11 8477.42 6.36 494.50 
D1 P34 0 3053 855 1.71 1.12 7788.87 1.87 414.62 
D1 P35 0 4275 1174 1.28 0.84 6022.19 3.22 284.41 
D1 P36 0 2210 532 0.96 0.63 4140.79 1.33 228.65 
D2: HVAD P1 1.5 3060 1322 2.08 1.31 11841.20 4.09 658.58 
D2: HVAD P2 9 2752 1740 1.81 1.07 10417.10 1.28 566.47 
D2: HVAD P3 0 1455 655 1.20 0.70 5582.38 2.23 352.66 
D2: HVAD P4 4 890 598 0.85 0.46 4065.95 1.09 235.72 
D2: HVAD P5 0 1303 614 1.12 0.64 5076.70 2.95 319.06 
D2: HVAD P6 6 3392 1851 2.77 1.74 16680.50 12.66 855.52 
D2: HVAD P7 1 3284 1383 2.38 1.49 13542.50 11.90 760.85 
D2: HVAD P8 1 2516 1150 2.05 1.25 11071.60 9.88 644.71 
D2: HVAD P9 1 2576 1300 1.43 0.88 8153.82 5.78 428.17 
D2: HVAD P10 10 3268 1910 3.07 1.86 18011.10 3.64 977.16 
D2: HVAD P11 4 3467 1518 3.20 2.04 18761.90 10.63 1030.27 
D2: HVAD P12 0 1285 534 0.85 0.52 3880.00 2.07 266.78 
D2: HVAD P13 9 3449 2247 1.85 1.13 11022.40 10.62 565.14 
D2: HVAD P14 7 4590 2130 2.50 1.62 15348.60 5.93 822.78 
D2: HVAD P15 1 2968 1266 2.27 1.43 12868.70 8.81 730.59 
D2: HVAD P16 8 5206 2494 2.54 1.68 16050.10 5.92 829.31 
D2: HVAD P17 7 6654 2955 2.85 1.92 18288.70 13.78 962.19 
D2: HVAD P18 0 3599 1478 2.39 1.55 14210.80 5.81 756.70 
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Design  Point Recirc 
Rating 
Reynolds 
Number 
Dean 
Number 
Max 
Velocity 
(m/s) 
Ave 
Velocity 
(m/s) 
Max Strain 
Rate (s
-1
) 
Min Strain 
Rate (s
-1
) 
Ave Strain 
Rate (s
-1
) 
D2: HVAD P19 2 1526 851 1.64 0.94 8254.44 4.15 482.51 
D2: HVAD P20 2 2006 977 0.96 0.58 5041.21 2.23 297.48 
D2: HVAD P21 0 1353 671 1.27 0.76 6151.48 5.09 393.95 
D2: HVAD P22 1 2327 1196 2.26 1.37 12435.80 9.46 672.80 
D2: HVAD P23 8 5039 2640 3.25 2.10 20257.40 9.92 1051.73 
D2: HVAD P24 8 2369 1457 1.40 0.82 7907.99 1.34 431.99 
D2: HVAD P25 8 5107 3060 3.15 1.98 19783.30 10.66 1022.47 
D2: HVAD P26 7.5 2990 1706 1.66 1.01 9630.27 4.88 515.44 
D2: HVAD P27 7.5 3668 2549 2.98 1.80 18290.20 17.33 912.68 
D2: HVAD P28 7 2281 1220 1.96 1.19 10867.00 8.59 622.09 
D2: HMII P1 0 1911 826 0.81 0.51 3150.63 1.89 162.52 
D2: HMII P2 7.5 1719 1087 0.71 0.42 3060.63 1.93 139.96 
D2: HMII P3 0 909 409 0.47 0.27 1423.83 1.10 85.95 
D2: HMII P4 1 555 373 0.33 0.18 1101.03 0.44 57.53 
D2: HMII P5 0 814 384 0.44 0.25 1302.69 0.76 77.64 
D2: HMII P6 2 2117 1155 1.08 0.68 4783.33 3.36 209.91 
D2: HMII P7 0 2053 864 0.94 0.58 3591.48 1.11 188.92 
D2: HMII P8 0 1572 719 0.80 0.49 2887.88 0.99 159.95 
D2: HMII P9 0 1607 811 0.56 0.34 2173.47 1.49 104.20 
D2: HMII P10 6.5 2042 1193 1.20 0.73 5254.56 2.45 241.97 
D2: HMII P11 0 2166 948 1.26 0.80 5085.45 2.26 254.90 
D2: HMII P12 0 803 334 0.33 0.20 967.82 1.17 65.91 
D2: HMII P13 6 2152 1401 0.72 0.44 3565.26 3.03 138.65 
D2: HMII P14 2 2868 1331 0.98 0.63 4425.08 1.46 204.32 
D2: HMII P15 0 1855 791 0.90 0.56 3388.54 1.07 181.04 
D2: HMII P16 3 3251 1558 0.99 0.65 4845.88 2.60 204.78 
D2: HMII P17 5 4158 1846 1.12 0.75 5658.60 2.49 239.42 
D2: HMII P18 0 2247 923 0.93 0.61 3859.06 2.85 185.18 
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Design  Point Recirc 
Rating 
Reynolds 
Number 
Dean 
Number 
Max 
Velocity 
(m/s) 
Ave 
Velocity 
(m/s) 
Max Strain 
Rate (s
-1
) 
Min Strain 
Rate (s
-1
) 
Ave Strain 
Rate (s
-1
) 
D2: HMII P19 1 953 532 0.64 0.37 2178.20 0.85 118.13 
D2: HMII P20 0 1253 611 0.38 0.23 1312.68 0.66 73.41 
D2: HMII P21 0 846 419 0.50 0.30 1569.25 1.15 97.16 
D2: HMII P22 0 1452 747 0.88 0.53 3356.63 2.03 163.70 
D2: HMII P23 5.5 3147 1649 1.27 0.82 6220.38 3.38 259.70 
D2: HMII P24 5 1480 911 0.55 0.32 2265.92 1.38 106.44 
D2: HMII P25 5.5 3190 1912 1.23 0.77 6335.10 5.16 252.54 
D2: HMII P26 4.5 1868 1066 0.65 0.39 2775.45 1.88 126.81 
D2: HMII P27 5 2289 1591 1.16 0.70 6138.46 4.37 223.65 
D2: HMII P28 1 1426 762 0.77 0.46 2921.56 1.18 153.97 
 
 
 
